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TECHNICAL  SESSIONS 


Tuesday,  14  November  1978 


9:30  a m.  Session  I: 

2:00  p.m.  Session  II: 
2:00  p.m.  Session  III: 


Tutorial-Advanced  Communications  Networks- 
Responding  to  Future  Demands 
Cable  Design  I 
Manufacturing 


Wednesday,  15  November  1978 


9:00  a m.  Session  IV: 
9:00  a m.  Session  V: 
2:00  p.m.  Session  VI: 


Cable  Materials  I 
Cable  Design  II 
Cable  Materials  II 


2:00  p.m.  Session  VIII:  Cable  Applications 


Thursday,  16  November  1978 


9:00  a m.  Session  VIII: 
9:00  a m.  Session  IX: 
2:00  p.m.  Session  X: 


Fire  Considerations 
Optical  Fiber 
Optical  Cable 


PAPERS 


Responsibility  for  the  contents  rests  upon  the  authors  and  not  the  symposium 
Committee  or  its  members.  After  the  symposium  all  the  publication  rights  of  each 
paper  are  reserved  by  their  authors,  and  requests  for  republication  of  a paper 
should  be  addressed  to  the  appropriate  author.  Abstracting  is  permitted,  and  it 
would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are 
republished.  Requests  for  individual  copies  of  papers  should  be  addressed  to  the 
authors. 


MESSAGE  FROM  THE  CHAIRMAN  AND  CO-CHAIRMAN 


Welcome  to  the  27th  International  Wire  and  Cable  Symposium.  It  is 
extremely  gratifying  to  report  that  the  26th  symposium  last  year  was  equally 
successful  as  the  25th  Silver  Jubilee  celebration,  which  was  the  most 
successful  symposium  to  date.  The  attendance  was  greater  than  1600.  The 
international  representation  from  twenty-seven  countries  increased  signifi- 
cantly (210  vs.  170).  Twenty-nine  of  the  fifty-five  papers  presented  were 
by  representatives  from  ten  different  countries.  The  symposium,  with  its 
large  national  and  international  representation,  provides  attendees  with 
the  most  effective  procedure  for  reviewing  and  discussing  latest  developments 
in  the  wire/cable  industry.  It  also  provides  a convenient  media  for  the 
exchange  of  related  technical  information  of  special  interest.  The  quality 
of  the  technical  papers  continues  to  be  outstanding  and  is  considered  the 
key  element  to  the  continued  growth  of  the  symposium. 

The  response  to  the  call  for  papers  was  excellent  this  year.  A total  of 
fifty-three  technical  papers  covering  topics  of  current  interest  will  be 
presented,  following  the  opening  tutorial  session,  entitled  "Advanced  Communi- 
cation Networks  Responding  To  Future  Demands".  The  timely  topic  and  distin- 
guished panel  members  should  make  the  tutorial  an  interesting  and  stimulating 
session. 


Committee  members  Joe  Neigh  of  AMP  Inc.  and  Tim  Farrell  of  the  3M  Company 
are  retiring  from  the  Committee  after  four  years  of  dedicated  and  outstanding 
service.  Joe  and  Tim,  by  their  efforts  and  specialized  knowledge,  contributed 
significantly  to  the  success  of  the  symposium.  Needless  to  say,  they  will  be 
missed,  and,  on  behalf  of  the  Corrmittee,  we  thank  them  for  their  valuable 
contributions  and  wish  them  success  in  their  future  activities. 


We  wish  to  take  this  opportunity  to  express  our  appreciation  to  all 
Committee  members  for  their  unstinting  efforts  and  cooperation  in  making  the 
symposium  a continued  success  each  year,  and  to  the  many  individual  governmental 
and  industrial  organizations  for  their  continued  support  and/or  contributions. 
The  symposium  cannot  prosper  without  their  sustained  participation  and  atten- 
dance. The  Committee  continues  to  look  for  ways  to  improve  the  activities 
of  the  symposium,  therefore,  suggestions  or  recommendations  are  requested  for 
promoting  the  interchange  of  Information  and  the  technical  growth  of  the 
symposium.  We  solicit  the  support  of  all  members  of  the  wire  and  cable  industry 
to  insure  continued  success  in  years  to  come.  ^ 
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PROCEEDINGS 


INTERNATIONAL  WIRE  & CABLE  SYMPOSIUM 
BOUND-AVAILABLE  AT  CORADCOM 


20th  International  Wire  & Cable  Symposium  Proceedings  — 1971  — $ 4.00 

21st  International  Wire  & Cable  Symposium  Proceedings  — 1972  — $ 5.00 

22nd  International  Wire  & Cable  Symposium  Proceedings  — 1 973  — $ 6.00 

23rd  International  Wire  & Cable  Symposium  Proceedings  — 1974  — $ 7.00 

24th  International  Wire  & Cable  Symposium  Proceedings  — 1975  — $ 7.00 

26th  International  Wire  & Cable  Symposium  Proceedings  — 1977  — $ 8.00 

*27th  International  Wire  & Cable  Symposium  Proceedings  — 1978  — $10.00 

’Extra  Copies  1-3  $10.00;  Next  4-10  $8.00;  next  1 1 and  above  $5.00  each. 
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Make  check  or  bank  draft  PAYABLE  in  US  dollars  to  the  INTERNATIONAL  WIRE 
A CABLE  SYMPOSIUM  and  forward  request  to: 

Mr.  E.  F.  Godwin,  Chairman 
International  Wire  & Cable  Symposium 

US  Army  Communications  Research  & Development  Command 

ATTN;  DRDCO-COM-RM-1 

Fort  Monmouth,  New  Jersey  07703 

USA 


PHOTOCOPIES— AVAILABLE  AT  DEPARTMENT  OF  COMMERCE 

Photocopies  are  available  for  complete  sets  of  papers  for  1 964  and  1 966  thru  1976. 
Information  on  prices  and  shipping  charges  should  be  requested  from  the: 

US  Department  of  Commerce 
National  Technical  Information  Service 
Springfield,  Virginia  22151 
USA 

Include  Title,  Year  and  ''AD”  Number. 

13th  Annual  Wire  & Cable  Symposium  (1 964) 

1 5th  Annual  Wire  & Cable  Symposium  (1 966) 

16th  International  Wire  & Cable  Symposium  (1967) 

1 7th  International  Wire  & Cable  Symposium  (1 968) 

18th  International  Wire  & Cable  Symposium  (1969) 

1 9th  International  Wire  & Cable  Symposium  Proceedings  1 970 
20th  International  Wire  & Cable  Symposium  Proceedings  1971 
21st  International  Wire  & Cable  Symposium  Proceedings  1972 
22nd  International  Wire  & Cable  Symposium  Proceedings  1973 
23rd  International  Wire  & Cable  Symposium  Proceedings  1974 
24th  International  Wire  & Cable  Symposium  Proceedings  1 975 
25th  International  Wire  & Cable  Symposium  Proceedings  1 976 
26th  International  Wire  & Cable  Symposium  Proceedings  1 977 

Kwix  Index  of  Technical  Papsrs,  International  Wire  & Cable 
Symposium  (1952-1975)  - AD  A027558 


- AD  787164 

- AD  A 006601 

- AD  787165 

- AD  787166 

- AD  787167 

- AD  714985 

- AD  733399 

- AD  752908 

- AD  772914 

- AD  A003251 

- AD  A01 7787 

- AD  A 032801 

- AD  A047609 


Col.  D.  A.  Slingerland,  Dir.  of  COMM/ADP 
Lab  introducing  Guest  Speaker 


Guest  Speaker,  Major  General  Jack  L.  Han 
cock,  U.S.  Army  Computer  Systems  Com 
mand,  Ft  Belvoir,  Virginia 


Highlights  of  the  26th 
International  Wire  and  Cable 
Symposium 


Panel  Members-Tutorial  Session,  Wilson  Ma- 
Gruder,  REA,  Jim  Egan,  AMP  Inc.,  John  Haas 
Navy,  and  Bruce  Tyrell,  Northern  Telecom 


November  15, 16, 17,  1977 
Cherry  Hill  Hyatt  House,  Cherry  Hill,  N.J 


Awards  presented  to  N.  J.  Cogelia,  Bell  Tele. 
Labs  and  G.  K.  Lavoie,  U.S.  Dept,  of  Interior 
for  outstanding  technical  paper;  and  M. 
Delucia,  for  best  presentation 


Joe  Neigh,  AMP  Inc.  and  F.  M.  Farrell,  3M 
Company,  Retiring  IWCS  Committee 
Members. 
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Candid  Scenes  at  the  26th  IWCS 


AWARDS 


Outstanding  Technical  Paper 

Best  Presentation 

H.  Lubars  and  J.  A.  Olszewski,  General  Cable 
Corp— "Analysis  of  Structural  Return  Loss  in 
CATV  Coaxial  Cable" 

1968 

N.  Dean,  B.I.C.C.— "The  Development  of  Fully 
Filled  Cables  for  the  Distribution  Network" 

J.  B.  McCann,  R.  Sabia  and  B.  Wargotz,  Bell 
Laboratories— "Characterization  of  Filler  and  In- 
sulation in  Waterproof  Cable" 

1969 

J.  D,  Kirk,  Alberta  Government  Telephones— 
“Progress  and  Pitfalls  of  Rural  Buried  Cable" 

D,  E.  Setzer  and  A.  S.  Windeler,  Bell  Lab- 
oratories—"A  Low  Capacitance  Cable  for  the  T2 
Digital  Transmission  Line" 

1970 

Dr.  0.  Leuchs,  Kable  and  Metalwerke— "A  New 
Self-Extinguishing  Hydrogen  Chloride  Binding 
PVC  Jacketing  Compound  for  Cables” 

R.  lyenger,  R.  McClean  and  T.  McManus,  Bell 
Northern  Research— "An  Advanced  Multi-Unit 
Coaxial  Cable  for  Tool  PCM  Systems" 

1971 

S.  Nordblad,  Telefonaktiebolaget  LM  Erics- 
son—"Multi-Paired  Cable  of  Nonlayer  Design  for 
Low  Capacitance  Unbalance  Telecommunication 
Network" 

N.  Kojima,  Nippon  Telegraph  and  Telephone— 
"New  Type  Paired  Cable  for  High  Speed  PCM 
Transmission" 


J.  B,  Howard,  Bell  Laboratories— "Stabilization 
Problems  with  Low  Density  Polyethylene  Insula- 
tions" 

1972 

S.  Kaufman,  Bell  Laboratories— "Reclamation  of 
Water-Logged  Buried  PIC  Telephone  Cable" 

Dr.  H.  Martin,  Kabelmetal— "High  Power  Radio 
Frequency  Coaxial  Cables,  Their  Design  and 
Rating" 

1973 

R.  J.  Oakley,  Northern  Electric  Co.,  Ltd.— "A 
Study  into  Paired  Cable  Crosstalk" 

D.  Doty,  AMP  Inc  —"Mass  Wire  Insulation  Dis- 
placing Termination  of  Flat  Cable" 

1974 

G.  H.  Webster,  Bell  Laboratories— "Material  Sav- 
ings by  Design  in  Exchange  and  Trunk  Telephone 
Cable" 

T.  S.  Choo,  Dow  Chemical  U.S.A.— "Corrosion 
Studies  on  Shielding  Materials  for  Underground 
Telephone  Cables" 

1975 

J.  E.  Wimsey,  United  States  Airforce— "The  Bare 
Base  Electrical  Systems” 

N.  J.  Cogelia,  Bell  Telephone  Laboratories  and 

G.  K.  Lavoie  and  J.  F.  Glahn,  US  Department  of 
Interior— "Rodent  Biting  Pressure  and  Chemical 
Action  and  Their  Effects  on  Wire  and  Cable 
Sheath" 

1976 

Michael  DeLucia,  Naval  Ship  Research  and 
Development  Center— “Highly  Fire-Retardant 
Navy  Shipboard  Cable” 

Thomas  K.  McManus,  Northern  Telecom  Canada 
Ltd.  and  R.  Beveridge,  Saskatchewan  Telecom- 
munications, Canada— "A  New  Generation  of 
Filled  Core  Cable" 

1977 

William  L.  Schmacher,  AMP  Inc.— “Design  Con- 
siderations for  Single  Fibe-  Connector" 
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CONTRIBUTORS 


Abbey  Plastics  Corp. 

Hudson,  Mass. 

Allied  Chemical  Corporation 

Morristown,  New  Jersey 

Amerace  Corp. 

Union,  NJ 

American  Cyanamid  Co. 

Bound  Brook,  NJ 

American  Hoechst  Corp. 

Leominster,  Mass. 

AMP  Incorporated 

Harrisburg,  Pennsylvania 

The  Anaconda  Company  - Aluminum  Division 

Louisville,  Kentucky 

Anaconda  Telecommunications  - Cable 
Overland  Park,  Kansas 
ARCO  Chemical  Co. 

Philadelphia,  PA 
ARCO/Polymers,  Inc. 

Philadelphia,  Pa. 

Arvey  Corporation 

Cedar  Grove,  New  Jersey 

Austral  Standard  Cables 

Pty  Ltd.,  Maidstone 

Melbourne,  Vic.,  Australia 

Autometrlx-Dhr.  of  Systems  Res.  Lab. 

Dayton,  Ohio 
BakelKe  Xylonite  Ltd. 

Grangemouth,  Scotland 
Beiden  Corp. 

Geneva,  Illinois 
Bell  Canada 
Toronto,  Ontario,  Can. 

Berk-Tek,  Inc. 

Reading,  Pennsylvania 
Berkshire  Electric  Cable  Co. 

Leeds,  Massachusetts 
BICC  Telecomm.  Cables  Ltd. 

Prescot,  Merseyside,  Eng. 

Boston  Insulated  Wire  & Cable  Co.  Ltd. 

Hamilton,  Ont.  Canada 

Brand-Rex  Company 

Willimantic,  Connecticut 

Breen  Color  Concentrates,  Inc. 

Lambertville,  New  Jersey 
The  Bridge  Mfg.  Co. 

Enfield,  Conn. 

Bumdy  Corporation 
Norwalk,  Connecticut 
Cabal,  Industrie  Venezolana 
de  Cables  Electrlcos,  C.A. 

Caracas,  Venezuela 

Cable  Consultants  Corporation 

Larchmont,  New  York 


Cable  Equipment  Corporation 

New  York,  New  York 

Cables  De  Comunlcaclones,  S.A. 

Zaragoza,  Spain 

Cabletronlx 

Dlv.  of  Strom  King  Industries 
Newburgh,  New  York 
Cabot  Corporation 
Billerica,  Massachusetts 
Camden  Wire  Co.,  Inc. 

Camden,  New  York 
Campbell  Technical  Waxes  Limited 
Crayford,  Kent,  England 
Canada  Wire  and  Cable  Limited 
Winnipeg,  Manitoba,  Canada 
Canadian  Industries  Limited 
Brampton,  Ontario,  Canada 
Canadian  Pacific  Ltd. 

Montreal,  Quebec,  Canada 
Carlew  Chemicals  Ltd. 

Montreal,  Quebec,  Canada 
R.  E.  Carroll,  Inc. 

Trenton,  New  Jersey 
Cary  Chemicals,  Inc. 

Edison,  New  Jersey 
Chase  A Sons  Inc. 

Randolph,  Massachusetts 
Colorite  Plastics  Co. 

Division  of  Dart  Industries,  Inc. 
Ridgefield,  New  Jersey 
Comm /Scope  Company 
Catawba,  North  Carolina 
'“ommonwealth  Telephone  Co. 
Dallas,  Pa. 

Conoco  Chemicals 
Houston,  Texas 
Continental  Oil  Co. 

Ponca  City,  Oklahoma 
Coming  Glass  Works 
Corning,  New  York 
Dart  Chemical  Specialties,  S.A. 
Wilson  Products  Division 
Assess,  Belgium 
Davis-Standard  Dlv.  of 
Crompton  A Knowles 
Pawcatuck,  CT 
DCM  International  Corp. 

San  Leandro,  CA 
The  Delker  Corp. 

Branford,  Conn. 

Delphi  Electronics  Inc. 

Folcroft,  Pennsylvania 
Diamond  Shamrock 
Cherry  Hill,  New  Jersey 
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Disco  Incorporated 

Ringwood,  New  Jersey 

Dow  Chemical  U.S.A. 

Midland,  Michigan 
Dow  Coming  Corporation 
Midland,  Michigan 
Duncan  M.  Gillies  Co. 

West  Boylston,  Mass. 

Dussek  Bros.  Australia 
Sydney,  Australia 
Dussek  Bros.  (Canada)  Ltd. 

Belleville,  Ontario,  Can. 

Eastman  Chemical  Products,  Inc. 
Kingsport.  Tennessee 
Eleetroconductores  C.A. 

Caracas,  Venezuela 
Electron  Machine  Corp. 

Umatilla,  Florida 
The  Entwistle  Co. 

Hudson,  Massachusetts 
Essex  Group,  Inc. 

Decatur,  III. 

ETS.  Pourtier  Pere  A His 

c/o  Cable  Equipment  Corporation 
New  York,  New  York 

Exxon  Chemical  Company  USA 

Houston,  Texas 

Fatten  A Guilleaume  Carlswerk  AG 

West  Germany 

Fatten  A Guilleaume  Carlswerk  AG 
Telecommunication  Division 

Koln.  West  Germany 

Firestone  Plastics  Company 

Pottstown,  Pennsylvania 

Formuiabs 

Escondido,  Calif. 

Franklin  Plastics  Corporation 

Kearny,  New  Jersey 

The  Fu|ikura  Cable  Works 

Chiba.  Japan 

The  Fujikura  Cable  Works 

Tokyo.  Japan 

The  Furakawa  Electric  Co.  Ltd. 

Tokyo.  Japan 

Gavttt  Wire  A Cable  Co.  Inc. 

Brooktield,  Massachusetts 

Gem  Gravure  Co.  Inc. 

West  Hanover,  Mass 

General  Cable  Corporation 

Rahway,  New  Jersey 

General  Electric  Company 

Silicone  Products  Department 

Waterford,  New  York 

General  Electric-Insulating  Materials 

Schenectady,  NY 

General  Engineering  USA  Lid. 

Stratford,  Conn. 

G.  M.  Gest  Inc. 

Montreal,  Quebec,  Can. 


Gold  Star  Cable  Co.,  Ltd. 

Seoul,  Korea 

W.  L Gore  A Associates,  Inc. 

Newark,  Delaware 

Great  American  Chemical  Corporation 

Fitchburg,  Massachusetts 

GTE  Service  Corporation 

Stamford,  Connecticut 

Harbour  industries 

Shelburne,  Vermont 

Hercules  Incorporated 

Crowley,  Louisiana 

Heyman  Manufacturing  Co. 

Kenilworth,  New  Jersey 

High  Voltage  Engineering  Corp. 

Burlington,  Massachusetts 

Hitachi  Cable,  Ltd. 

Tokyo,  Japan 

Hltemp  Wires  Inc. 

Hauppauge,  New  York 

Hooker  Chemical 

Hicksville,  NY 

Hudson  Wire  Company 

Ossining,  New  York 

Ibaraki  Elect.  Lab. 

Tokai,  Japan 

ICI  Americas  Inc. 

Wilmington,  Delaware 

Icore  International,  Inc. 

Sunnyvale,  CA 

Insulated  Wire  Inc. 

Ronkonkoma,  NY 

International  Wire  Products  Company 

Wyckoff,  New  Jersey 

ITT  Cannon  Electric 
Santa  Ana,  California 
ITT  Electro-Optical  Prod. 

Div.,  Roanoke,  Virginia 
Judd  Wire  Division 
Turners  Falls,  Mass. 

Kabel-Und  Lackdrahtfabriken  GmbH 
Casterfeldstrasse,  Germany 
Kabmatik  AB 
Stockholm,  Sweden 
K enrich  Petrochemicals,  Inc. 

Bayonne,  New  Jersey 
Lamart  Corporation 
Clifton,  New  Jersey 
Lari  bee  Wire 
Camden,  NY 

S.A.  Ugnes  Telegraph Iques 
ET  Teiephonlques 

Conflans  Sainte  Honorine,  France 

Lowe  Associates,  Inc.,  J.  J. 

Bedford  Hills.  NY 
3M  Company 

St.  Paul,  Minn. 

Madison  Wire  A Cable  Corp. 

Worcester,  Mass. 
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MaHMcr  Company 

South  Hadley,  Massachusetts 

Manning  Paper  Co. 

Troy,  NY 

Micro-Tak  Corp. 

Cinnaminson,  New  Jersey 

Mohawk  Wire  ft  Cable  Corp. 

Leominister,  Mass. 

Monsanto  Industrial  Chemicals  Co. 

St.  Louis,  Missouri 

The  Montgomery  Company 

Windsor  Locks,  Connecticut 

Moore  ft  Munger,  Inc. 

Fairfield,  Conn. 

H.  Muehlstein  ft  Co.,  Inc. 

Montvale,  New  Jersey 

New  England  Printed  Tape  Co. 

Pawtucket,  Rhode  Island 
Nippon  Telegraph  ft  Tel.  Corp. 

Tokyo,  Japan 
N.K.F.  Kabel  b.v. 

Delft,  Holland 
N.  L.  Industries 

Plastics  ft  Speciality  Chemicals 

Bayonne,  New  Jersey 

Nokia  Electronics,  Inc. 

Atlanta,  Ga. 

Nonotuck  Mfr.,  Co. 

South  Hadley,  MA 
Northeast  Wire  Company,  Inc. 

Holyoke,  Massachusetts 

Northern  Telecom  Canada  Limited 

Montreal,  Quebec,  Canada 

NV  Habia  Benelux 

Breda,  The  Netherlands 

Olex  Cables  Limited 

Australia 

Omega  Wire  Inc. 

Camden,  New  York 

OY  NOKIA  AB  Finnish  Cable  Works 

Helsinki.  Finland 

Pacific  Electric  Wire  ft 
Cable  Co.,  Ltd. 

Republic  of  China 

The  Pantasote  Company  of  New  York  Inc. 

Passaic,  New  Jersey 

Penn  Color,  Inc. 

Doylestown,  Pa. 

Pennwalt  Corporation 

Philadelphia,  Pennsylvania 

Penreco 

Butler,  Pennsylvania 

A.  E.  Petsche  Co.,  Inc. 

Arlington,  Texas 

Phelps  Dodge  Communications  Company 

White  Plains,  New  York 

Phelps  Dodge  Ini.  Corp. 

Coral  Gables,  Florida 

Philadelphia  Insulated  Wire  Co. 

Moorestown,  Now  Jersey 


Phillips  Cables  Limited 

Vancouver,  British  Columbia,  Canada 

Phillips  Chemical  Company 
A Division  of  Phillips 
Petroleum  Company 

Pasadena,  Texas 

Pirelli  Cables  Ltd. 

St.  Jean,  P.  Que.,  Can. 

Pirelli  USA  Rep.  Corp. 

New  York,  NY 

Plastic  Products  ft  Resins  Dept, 

E.  I.  Du  Pont  de  Nemours  ft  Co. 

Wilmington,  Delaware 

Plastoid  Corporation 

New  York,  New  York 

Plymouth  Rubber  Co.  Inc. 

Canton,  MA 

Plymouth  Wire  ft  Cable  Company 

Worcester,  Massachusetts 

Polymer  Services  Inc. 

East  Brunswick,  New  Jersey 

Prestolite  Wire  Dlv. 

Hudson,  Mass. 

Propintel  SA, 

c/o  Cables 

Cortaillod  SA,  Switzerland 

Radix  Wire  Co. 

Cleveland,  Ohio 

Raychem  Corporation 

Menlo  Park,  California 

RDI  (Radiation  Dynamics,  Inc.) 

Long  Island,  NY 

Reichhoid  Chemicals,  Inc. 

Hackettstown,  New  Jersey/ 

Mansfield,  Massachusetts 

Reliable  Electric  Co. 

Franklin  Park,  III. 

The  Rochester  Corporation 

Culpeper,  Virginia 

Rohm  and  Haas  Company 

Philadelphia,  Pennsylvania 

Sartomer  Company 

Westchester,  PA 

The  Seiss  Insulating  Works  Ltd. 

Breitenbach,  Seitzerland 

Shell  Chemical  Company 

Houston,  Texas 

Siemens  AG 

Munchen,  Germany 

Societe  Anonyms  De  Telecommunications 

Paris,  France 

Southwest  Chemical  ft  Plastics  Co. 

Seabrook,  Texas 

Southwtre  Co. 

Carrollton,  Georgia 

Sterling  Davis  Electric 

Wallingford,  Connecticut 

Sumitomo  Electric  Ind.  Ltd 

Yokohama,  Japan 
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Sun  Chemical  Corporation 
Paterson,  New  Jersey 
Sun  Petroleum  Products  Company 
Philadelphia.  Pennsylvania 
Superior  Cable  Corporation 
Hickory,  North  Carolina 
The  Swiss  Insulating  Works  Ltd. 
Breitenbach,  Switzerland 
Syncro  Machine  Company 
Perth  Amboy,  New  Jersey 
Technical  Coatings  Co. 
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GEOMETRICALLY  DECOUPLED  BALANCED  PAIRS 


by 

D.  P.  Woodard 
Bell  Laboratories 
Norcross,  Georgia  30071 


Abstract 

A number  of  parallel  conductor, 
balanced  two-pair  cable  configurations 
exist  that  are  inherently  decoupled  from 
each  other.  The  principle  of  decoupling 
two  contiguous  pairs  geometrically  is 
developed  and  applied  to  several  configu- 
rations for  which  all  pairs  are  mutually 
non- interact ive . 


Introduction 


Innumerable  technical  papers  have 
been  included  in  the  International  Wire 
and  Cable  Symposium  Proceedings  on  cross- 
talk. This  exposure  has  been  such  that 
we  know  what  crosstalk  is,  how  to  mea- 
sure and  model  it , and  how  it  sometimes 
limits  the  use  of  our  wires  and  cables. 

We  have  learned  how  to  control  cross- 
talk, at  least  partially;  and  our  ways  are 
these: 

Metallic  Shielding 


The  shielded  pair  is  a good  example 
where  both  electric  and  magnetic  fields 
can  be  forced  toward  zero  by  the  proper 
choice  of  shield  characteristics.  Screens 
that  separate  groups  of  pairs  in  multi- 
conductor cable  is  another  example;  as  is 
the  use  of  ground  planes  and  intervening 
ground  conductors  in  single  plane,  multi- 
pair configurations.  The  basic  idea  is  to 
establish  desirable  boundaries  about  pairs 
or  groups  of  them,  so  that  one  neighbor  or 
neighborhood  does  not  disturb  another. 

Dielectric  Shielding 

We  have  also  seen  how  a pair  insu- 
lated with  a low  dielectric  constant 
material,  polyethylene  for  example,  and 
overcoated  further  with  a high  dielectric 
constant,  high  loss  material,  perhaps  a 
lossy  PVC,  can  be  isolated  effectively 
from  similar,  closely  spaced  companions * * 


Twisting 

This  is  our  standard.  Possibly  a 
holdover  from  earlier  textile  practice, 
twisting  has  permitted  us  to  bundle 
large  groups  of  pairs  into  space  effi- 
cient, low  crosstalk  cables.  Simplis- 
tically,  if  we  can  maintain  perfect 
twist  helices  with  the  correct  pitch 
ratios,  the  average  coupling  between 
geometrically  close  pairs  is  vanishingly 
small.  However,  the  instantaneous  elec- 
tric and  magnetic  couplings  are  not 
small,  except  at  certain  points  where 
the  couplings  reverse.  A typical  case 
of  coupling  between  two  pairs  is  shown 
below. 
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Aside  from  shielding,  the  only  obvious 
way  to  diminish  coupling  magnitudes  is 
to  increase  the  pair  separation.  Un- 
fortunately, this  is  not  an  attractive 
alternative. 

These  are  the  known  ways  we  use  to 
control  crosstalk.  But  another  way 
exists  that  is  particularly  attractive 
for  ordered  configurations  where  for 
some  reason  the  pairs  cannot  be  shielded, 
twisted,  or  moved  apart. 
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Geometric  Decouplin' 


Development 


We  consider  conditions  required  to 
decouple  two  contiguous  pairs  as  shown 
in  Figure  2.  The  conductors  of  the 


Integration  gives  the  total  potentials 


PROJECTION  ON  *-*  PLANE 


The  integral  similarity  results  in  a 
geometric  potential  function 


From  Figure  2 since 


CROSS  SECTIONAL  VIE W 


generic  quad  are  all  parallel  to  the 
Z axis,  filamentary,  embedded  in  a homo- 
geneous  medium,  and  balanced  - meaning 
that  the  currents  and  charges  on  con- 
ductors (1)  and  (2)  of  pair  1 are  equal 
and  opposite.  A cross  section  is  also 
shown. 


We  recall  that  both  the  scalar  and 
vector  potentials  at  any  point  p in  the 
vicinity  of  a system  of  charges  and 
currents,  for  example,  the  system 
assumed  for  pair  1,  are  similar  in 
form  and  are: 


This  is  a well  known  integral  with  the 
solution-*  • 4 


Since  2i  is  arbitrary  on  pair  2,  a suffi- 
cient condition  for  decoupling  the  two 
pairs  ($(z l)  * 0)  is 


Applying  these  we  write  the  differential 
potentials  at  points  P3  and  P4  at  an 
arbitrary  point  zi  on  pair  2: 


This  is  our  decoupling  rule  and  is  illui 
trated  in  Figure  3. 
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In  view  of  the  assumptions,  there 
are  some  practicalities  implicit  in  (11) 
that  should  be  stated: 

(a)  Quadrilaterals  with  vertex  separa- 
tions that  satisfy  (11),  if  any  exist, 
should  be  such  that  pair  conductors  are 
balanced  with  respect  to  ground; 

(b)  Conductor  shapes  and  dielectric 
inhomogenities  and  boundaries  will  alter 
the  idealistic  rule  given  by  (11) ; 

(c)  It  may  not  be  possible  to  achieve 
perfect  electric  and  magnetic  decoupling 
simultaneously  with  a given  geometry 
because  of  conductor  finite  size  and 
dielectric  boundaries. 

These  items  have  not  been  studied 
in  any  depth.  We  have  concentrated 
instead  on  purely  geometric  interpreta- 
tions of  (11)  to  see  what  useful  cable 
configurations  may  exist. 


Simple  Configurations 

We  note  first  that  both  the  standard 
quad  and  "tee"  configurations,  shown  be- 
low and  with  which  we  are  all  familiar, 
satisfy  the  decoupling  rule. 


- SIMPLE  2 PAIR  OEOMfTRIES  THAT 
ILLUSTRATE  OEOMETRIC  DECOUPLINO 


A rectangular  conductor  arrangement,  how- 
ever, does  not  decouple,  except  in  the 
limit  as  the  diagonal  distances  approach 
equality  with  the  side  distances.  But 
the  concept  is  consistent  with  our  earlier 
observations  relative  to  crosstalk  reduc- 
tion by  separating  pairs. 

The  Parallelogram 

A little  distortion  of  the  rectangle 
produces  a very  useful  geometry  - the 
parallelogram.  Applying  the  decoupling 
rule  (11)  to  this  configuration  with  a 
little  algebra,  it  is  easy  to  show  that 
the  decoupling  locus  is  given  by 


X - 12  cox  Jo)1^2 


(12) 


The  locus  and  geometry  are  both  shown 
below.  Figure  5. 
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a is  the  skew  angle  and  x is  the  side  to 
side  ratio.  a approaches  tt/4  as  the 
structure  becomes  very  thin,  or  con- 
versely, as  the  pair  spacing  increases. 
Shown  also  is  the  planar,  interleaved 
cable  that  results  when  x = /2  and  a = 0. 
For  this  case  it  is  quite  easy  to  show 
that  the  mutual  inductance  linking  the 
two  pairs  is 


S.  - K *» 


(13) 


which  is  zero  for  the  normalized  dimen- 
sions given.  Except  for  the  flat  case, 
all  parallelograms  represented  by  the 
locus  are  "open"  in  the  sense  that 
another  adjacent  decoupled  pair  can 
always  be  added.  The  two  pair  flat 
cable  is  "closed"  in  that  it  does  not 
have  this  geometric  characteristic. 

We  will  encounter  other  "closed" 
geometries. 
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Some  experimental  results  are  given 
in  Figure  6 that  shows  near  end  crosstalk 
loss  as  a function  of  conductor  offset. 
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These  samples  were  made  by  laminating 
the  conductors  between  layers  of  poly- 
ester film.  Since  the  skew  angle  a, 
Figure  5,  is  close  to  it/4  for  both 
center  film  thicknesses  of  .004  and  .010 
inches,  we  would  expect  loss  peaks  to 
occur  for  offsets  approximately  equal 
to  the  respective  conductor  vertical 
displacements,  that  is,  near  .012  and 
.018  inches.  This  is  indeed  the  case. 

Repeating  the  parallelogram  struc- 
ture for  25  pairs  gives  the  results 
shown  in  Table  1. 
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NEXT  LOSS  COMPARISON  TOR  DIPFERENT  CARIES 


As  shown  geometric  decoupling  can  produce 
cable  with  adjacent  pair  crosstalk  loss 
comparable  to  conventional  twisted  pair 
inside  wiring  cables.  There  is  a con- 
siderable improvement  over  the  usual 
parallel  conductor,  rectangular 
structure. 

The  Trapezoid 

The  trapezoidal  configuration  is  a 
generalization  of  the  conventional  quad; 
its  cross  section  and  decoupling  locus 
is  shown  in  Figure  7. 


Geometrically  one  can  shown  that  the  dis- 
tance between  conductors  2 and  4,  d24»  is 
zero  when  x = (2sin9)-1.  This  boundary 
is  shown.  Since  all  x that  satisfy  the 
decoupling  rule  are  greater  than  (2sin8)-1 
for  0 £ 9 £ w/2,  the  pair  axes  must  cross 
and  the  structure  is  closed,  i.e.,  an 
adjacent  decoupled  pair  cannot  be  added. 
When  x = /2  and  8 = tt/4  , we  have  the 
conventional  quad;  when  8 = tt/2,  we 
obtain  the  planar,  interleaved  cable 
shown  in  Figure  5. 

The  locus  of  Figure  7 shows  uni- 
quely that  the  very  symmetric  conven- 
tional quad,  as  most  of  us  view  it,  can 
be  distorted  considerably. 


The  General  Quadrilateral 

It  should  not  be  surprising  that 
these  specific  cases  are  related  and  can 
be  obtained  from  the  general  quadrilateral 
shown  in  Figure  8. 
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As  far  as  possible,  we  retain  our  origi- 
nal notation:  2b  is  the  intrapair  con- 
ductor separation;  the  center  to  center 
pair  axis  separation  is  a;  and  x = 2b/a 
is  still  the  normalized  variable.  The 
axis  center  of  pair  1 is  fixed  at  the 
(x-y)  origin;  pair  2 is  allowed  to  trans- 
late (distance  a,  azimuth  a)  and  to 
rotate  (angle  y).  With  these  variables 
the  decoupling  rule  (11)  requires  that 


» - n\ -i]1/a.  (14) 


The  resulting  loci  can  be  shown  in  a 
variety  of  ways.  An  example  is  Figure 
9 drawn  for  a = 60®  and  2b  = 1. 


The  two  loci  are  the  positions  of  con- 
ductors 3 and  4 required  to  decouple 
the  two  pairs  for  a ^ 0 and  0 < y < 120® . 
Connecting  equal  y on  the  two  loci  de- 
fines the  axis  of  pair  2.  The  conven- 
tional quad  occurs  when  a = 0 and  y = 0; 
a trapezoid  when  y = 20®,  for  example; 
and  a parallelogram  for  y = 90®. 

Various  nonsymmetrical  quadrilaterals 
result  with  y > 90®.  The  limiting  value 
of  y is  2a  which  occurs  when  the  pairs 
are  spaced  relatively  far  apart  (i.e. , 
x = 4)  . 


Axis  center  line  loci  for  pair  2 
are  shown  in  Figure  10  for  variations 
in  both  a and  y,  pair  1 remaining  at 
the  origin. 
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This  construction  is  a direct  applica- 
tion of  (14) . If  the  axis  of  pair  2 
is  centered  on  a given  y locus,  it 
must  also  be  inclined  at  the  same 
angle  y from  the  horizontal  to  be 
decoupled  from  pair  1.  The  locus 
y * 90®  is  easy  to  visualize  as  the 
axis  center  for  all  possible  parallel- 
ograms. For  any  a,  the  limiting  value 
of  y is  2a.  The  center  line  loci  all 
converge  to  a common  "focal"  point 
(x  = 0,  y = 1//?)  when  a = ir/2.  This 
is  exactly  the  axis  center  for  pair  2 
for  the  planar  intermeshed  cable.  With 
pair  2 centered  at  this  point,  there 
is  no  restriction  on  y.  An  interest- 
ing result  is  the  three  mutually  de- 
coupled pairs  shown  in  Figure  11.  A 
four  pair,  double  parallelogram  arrange- 
ment is  also  shown. 

" " f • ' ; 1 •;*  , • ..  . ...... 
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FIGURE  11-3  AND  4 PAIR  DECOUPLED  CONFIGURATIONS 


Conclusions 

A simple  geometric  rule  has  been 
derived  that  permits  two  non-twisted 
adjacent  pairs  to  be  electrically 
decoupled  from  each  other.  Ideal 
conditions  have  been  assumed-four 
perfectly  parallel,  filamentary  con- 
ductors with  no  electric  or  magnetic 
boundaries.  These  conditions,  however, 
do  not  preclude  the  realization  of 
practical  cable  configurations  with 
crosstalk  losses  comparable  to  con- 
ventional twisted-pair  cables. 

The  quadrilaterals  that  have  been 
discussed  are  related  geometrically. 
Some  are  "closed”  in  the  sense  that  no 
other  adjacent,  decoupled  pair  can  be 
added;  the  conventional  quad  and  the 
interleaved,  planar,  two  pair  cable  are 
examples.  The  "open"  property  qf  the 
parallelogram  geometry  permits  the  con- 
struction of  a true  multipair  cable, 
albeit  the  configuration  is  essentially 
planar. 

More  complex  structures  can  be 
built  from  this  basic  quadrilateral 
concept;  mutually  decoupled  three  and 
four  pair  structures  have  been  shown. 
For  a grouping  of  n decoupled  pairs, 
the  decoupling  rule  must  apply  simul- 
taneously n(n-l)/2  times.  Lenahan5 
suggests  that  up  to  seven  pairs  in  a 
single  ensemble  can  be  mutually  de- 
coupled. We  have  not  attempted  to  find 


these  higher  order  configurations.  In- 
deed larger  pair  groupings  may  not  be 
needed  since  coupling  decreases  with 
pair  separation  and  some  shielding  is 
provided  by  other  pairs. 

If  practical  and  economic  solutions 
are  found,  we  might  look  forward  to 
nestable,  multipair,  untwisted  units 
capable  of  being  spliced  and  connec- 
torized  automatically.  In  the  meantime, 
both  the  open  and  closed  parallelogram 
geometries  show  promise  for  short 
length,  connectorized  equipment  and 
station  applications. 
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by 
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Abstract 

Telecom  Australia  haa  studied  the  relation- 
ship between  palr-to-palr  capacitance  unbalance  In 
Individual  drumlengths  of  cable  and  the  near-end 
crosstalk  attenuation  on  long  routes.  The  study 
showed  that  specifying  the  maximum  or  RMS  unbalance 
for  Individual  drumlengtha  Is  not  the  best  way  of 
controlling  crosstalk.  A new  specification  method 
la  described. 


Introduction 

Telecom  Australia,  like  most  telephone  ad- 
ministrations, Includes  In  Its  specification  for 
cable,  requirements  for  palr-to-palr  capacitance 
unbalance.  The  prime  purpose  of  these  require- 
ments Is  to  ensure  that  occurrences  of  Intelligi- 
ble crosstalk  In  the  network  are  rare. 

For  small-slze  (6  to  100-palr,  In  10-palr 
units)  plastic  cable,  prior  to  this  study,  the 
specification  required  that  : 

. The  corrected  capacitance  unbalance  between 
any  pairs  shall  not  exceed: 

210  pF  for  0.A0  mm  conductors 
120  pF  for  0.64  mm  conductors 
100  pF  for  0.90  mm  conductors 

. The  measured  capacitance  unbalance  shall  be 
corrected  to  the  equivalent  1000  metre  length 
as  follows  : 

„ „ 1 1000 

*1000  * 1 * 

where  K Is  the  measured  capacitance  unbalance 
In  pF  and  ( la  the  length  In  metres  of  the 
cable  being  tested. 

The  specification  aimed  to  ensure  that,  when 
the  cable  la  jointed  and  loaded  with  88  aH  colls 
at  1830  metre  spacing,  the  near-end  crosstalk 
attenuation  at  1.6  kHz,  arising  from  capacitance 
unbalance,  should  exceed  70  dB  for  route  lengths 
equal  to  Telecom's  customers'  (subscribers')  trans- 
mission limit.  Transmission  limits  for  loadad 
lines  for  the  very  sensitive  telephone1  extensively 


used  for  long  rural  llnea  are  37  km  for  0.90  mn 
conductor  cable  and  20  km  for  0.64  mm  conductor 
cable.  The  0.40  mm  conductor  cable  la  used  mostly 
In  unloaded  form  for  a maximum  distance  of  5.7  km. 

The  70  dB  crosstalk  standard  Is  severe  but 
the  Information  in  CCITT  Recommendation  G116  indi- 
cates that  the  standard  Is  appropriate  for  that 
telephone. 

The  limits  for  0.40  mm  cable  proved  readily 
achievable  but  factory  rejections  of  0.64  imn  and 
0.90  mm  cable  were  too  frequent.  Doubts  were  held 
about  the  Impact  of  rejections  and  of  the  diverse 
manufacturing  processes  being  used,  on  the  achieve- 
ment of  adequate  crosstalk  performance  on  the  very 
long  routes  Involved. 

The  study  of  this  problem  has  Involved 
three  separate  phases  - 

. estimation  of  the  crosstalk  performance 
of  Individual  manufacturing  processes. 

. analysis  of  statistics  for  capacitance 
unbalance . 

. Impact  of  various  acceptance  Halts  on  the 
crosstalk  performance  of  the  accepted  product. 

Computer  Program  for  Estimation  of 
Crosstalk  Performance 

This  phase  was  undertaken  with  the  help  of  a 
computer  program  performing  so  called  "monte  carlo” 
simulation.  For  simplicity  and  ease  of  modifica- 
tion BASIC  language  was  used.  Hypothetical  routea 
are  created  and  the  near-end  crosstalk  attenuation 
(NEXTA)  arising  from  the  palr-to-palr  capacitance 
unba''ucr  of  the  drumlengths  used  Is  calculated. 

Raw  palr-to-palr  capacitance  unbalances 

(C  ‘ lety  of  drumlengths  as  produced  by 

' ay  preferably  with  the  Inclusion  of 

......  that  the  present  specification  would 

-ct.  The  study  Is  conducted  separately  for 
results  from  each  factory,  for  various  methods  of 
unit  stranding  used  In  that  factory  and  for  each 
conductor  size.  Where  the  data  supplied  was  the 
corrected  CU  It  was  converted  back  to  uncorrected 
data.  Approximately  100  lengths  were  considered 
adequate  for  each  type  of  cable. 
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Input  block  of  data  la  a aet  for  each  length. 
Each  aet  containa  the  aet  nuaber,  the  length  of 
cable  and  the  valuea  of  the  capacitance  unbalance 
for  all  combinations  In  one  unit.  For  lengths  In 
which  a aecond  unit  la  measured  that  unit  la  trea- 
ted aa  a separate  length. 

Normally,  CU  valuea  are  In  sequence  of  pair 

coablnatlona  (1-2,  1-3,  1-4,  9-10),  and 

where  data  are  not  In  that  sequence  a routine  to 
re-sequence  data  la  applied.  Each  block  of  data 
contains  Initial  Information  being  manufacturer 'a 
Identification,  pair  size  and  conductor  size. 


In  a typical  run  the  computer  creates  hypo- 
thetical routes  of  the  predetermined  length  for  a 
particular  pair  combination  by  random  selection  of 
sets  ( “ drumlengths)  and  performing  straight 
(colour)  Jointing.  All  capacitance  unbalances  are 
conaldered  to  be  located  In  the  centre  of  each 
length,  they  are  transformed  to  equivalent  cross- 
talk ratio  by  formula  : 


20  log 


10 


8*10 


12 


dB 


where  u 


K 


1 


2 *f  where  f la  frequency  In  Hz 

modulus  of  characteristic 
Impedance  In  ohms 

capacitance  unbalance  In  pF  of  the  1th 
drumlength 


The  NEXTA  contribution  from  that  drum  length  Is 
calculated  utilising  transmission  paraamters  of 
the  cable  as  follows  : 

NEXTA1  « Nt  + 2al1 


where  a - attenuation  of  cable  In  dB/km 

1 * distance  of  the  unbalance  from 

the  near  end  In  km 


1 


The  phase  of  the  NEXTAj  la  calculated  by  : 

♦ i - “1±f  where  «6i  - 2 ( 8t1  + n 6IC) 

where  16  ^ Is  the  phase  change  for  the  distance 
t1  made  of  line  phase  coefficient  and  phase  shift 
at  loading  coll  8L(;.  The  term  Is  the  phase 

change  associated  with  the  capacitance  unbalance. 

Aa  the  capacitance  unbalance  can  be  either  positive 
or  negative,  the  sign  of  the  phase  change  Is  se- 
lected by  the  computer  randomly  and  with  equal  pro- 
bability. This  Is  necessary  since  the  factory 
measurement  of  CU  normally  provides  only  the  magni- 
tude and  Ignores  the  sign,  and  It  Is  well  known 
that  the  mean  value  of  CU  when  signed  Is  zero.  Con- 
tributions from  all  drumlengths  are  then  added  on 
a vectorial  basis  (as  voltages)  to  give  the  totsl 
NEXTA. 
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Normally  the  analysis  is  conducted  at  1.6  kHz 
and  all  line  parameters  and  crosstalk  calculations 
are  releted  to  that  frequency. 

The  simulation  Is  performed  a number  of  times 
and  the  associated  statistics  program  Is  used  to 
evaluate  mean,  RMS,  min,  max,  etc.,  values  of  the 
NEXTA. 


The  computer  program  Is  very  flexible  and  It 
can  readily  evaluate  any  selected  combination  or 
all  possible  pair  combinations,  45  for  10-palr 
units  and  15  for  6-palr  cable.  Capacitance  unba- 
lances between  units  In  20-pair  and  larger  cables 
are  known  to  be  Insignificant  and  are  therefore 
not  considered. 

Furthermore  the  program  can  evaluate  the 
crosstalk-frequency  response  for  any  selected 
combination.  Random  jointing  Is  not  used  for 
smsll-slzed  cables  In  Australia,  but  the  program 
has  also  been  used  to  assess  the  crosstalk  benefit 
conferred  by  random  Jointing. 

A routine  for  checking  data  files  for  poss- 
ible errors  (typing  mistakes,  too  much  data,  etc.) 
has  been  created  and  It  should  be  used  before  the 
main  program  is  operated. 

The  computer  prograaae  block  diagram  Is 
depicted  In  Fig.  1. 

To  determine  how  many  repeats  sre  sufficient 
for  statistical  evaluation,  100,  200  and  500 
repeats  were  tried  with  all  combinations  being 
analysed  for  6-palr  0.90  at  cable.  Results  Indi- 
cated that  100  repeats,  which  Is  equivalent  to 
100  routes  and  hence  600  pairs  ano  1500  combina- 
tions, will  produce  crosstalk  Information  with 
required  accuracy  but  slightly  pessimistic  results 
for  low  values,  as  more  repeats  tend  to  Improve 
results  In  the  99  to  100X  region  of  the  lower  end 
of  the  pair  crosstalk  distribution.  Thus  for  any 
further  analysis  100  repests  were  used.  In  this 
context,  99X  has  been  defined  as  the  sixth  worst 
crosstalk  result  out  of  600  pairs.  This  result  Is 
at  the  99. 62  point  of  the  crosstalk  results  for 
the  1500  combinations.  Similarly  for  100  routes  of 
10  pairs,  the  99Z  point  Is  defined  to  be  the  tenth 
worst  result  out  of  1000  pairs  and  4500  combina- 
tions. This  definition  may  marginally  overestimate 
the  quantity  of  poor  crosstalk  performance  since. 

In  any  particular  trial, a specific  pair  may  have 
two  or  more  pairs  to  which  it  has  poor  crosstalk 
performance.  Note  also  that  the  definition  could 
be  Judged  as  underestimating  the  performance  by  a 
factor  of  two,  since  two  pairs  are  Involved  In 
each  result,  and  In  a network  where,  as  In 
Australia,  customers'  cables  are  not  field  tested 
for  crosstalk  performance,  two  customers'  lines 
would  be  exposed  to  that  particular  NEXTA.  However, 
If  the  problem  were  detected  by  field  testing, only 
one  pair  would  need  to  be  taken  out  of  aervlce. 

As  each  route  Is  created  from  500  to  2000  m 
lengths  and  100  repeats  are  used  and  as  the  trans- 
mission limit  for  0.90  n cables  Is  37  km  the 
procedure  becomes  computer  time  and  cost  consuming. 
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Data 

S(J),L(J),K(J,r) 


Crosstalk  Equivalent  of  CU 
N(J,l)  - FN  (u  |Z  | K(J,U)) 


J selected 
randomly 


Line  Parameters 
at  frequency  f 


NEXTA,  (J,li)  - N(J,r)  + 2a t 


+ or  - selected 
randomly 


Route  Length  Check 


Store  for 
statistics 


NEXTA  - I (NF.XTA 


Print  - Cut 


Next  Combination  or  Next 
Frequency 


Fig.  1 - Block  Diagram 


To  reduce  that,  6-pair  0.64  inn  and  0.90  sn  conductor 
cablea  were  analysed  at  varioua  route  lengths  to 
find  the  correlation  between  the  NEXTA  and  the  route 
length.  Results  for  6-palr  0.90  m cable  are  pre- 
sented In  Fig.  2 and  It  can  be  seen  that  the  shape 
of  the  curves  closely  agrees  with  the  theoretical 
length  correction  factor  for  the  NEXTA  : 


It  was  found  that  a route  length  of  10  km 
was  sufficient  for  the  statistical  evaluation 
provided  72  dB  Is  used  for  0.90  as  and  71  dB  for 
0.64  tm  conductor  cables  In  place  of  the  70  dB 
objective  for  NEXTA  for  the  maximum  route  length 


Results  of  Crosstalk  Simulation 


-0.461al 


Two  companies  supplied  sufficient  data  for 
various  methods  of  msnufacture  and  various  condu- 
ctor sixes.  The  methods  of  unit  production  Invo- 
lved Included  oscillating,  cross-atrendlng  and 
natural  mixing  where  :- 


In  our  calculated  example  t 


Fig.  2 - NEXTA  versus  Length 


. oscillating  means  that  the  pairs  are  passed 
in  a 2 plus  8 pattern  through  an  oscillating 
face  plate  and  directly  on  to  the  sheathing 
process. 

. cross-stranding  means  that  the  pairs  are 
passed  through  a device  that  causes  them  to 
change  position  at  random  along  the  length 
of  the  unit. 

. natural  mixing  means  that  the  position  of  the 
pairs  are  not  restrained. 

In  cables  larger  than  10-pair,  two  or  more 
of  these  units  were  cabled  together  on  a drum 
twlater. 

All  0.40  aa  cable  met  the  appropriate  cross- 
talk requirement  with  a large  margin  (4  to  6 dB). 
This  conductor  gauge  la  not  considered  further  In 
this  paper. 

The  other  gauges  exhibited  some  degree  of 
croaatalk  failure  with  0.90  mm  cables  being  worse 
than  0.64  mm  ones.  Surprisingly, the  processes  that 
randomise  the  placement  of  pairs  within  the  units, 
did  not  result  In  uniform  distribution  of  crosstalk 
over  the  pair  combinations.  It  was  the  "bad"  pairs 
that  had  all  the  crosstalk  failures.  Figure  3, 
curves  1,  2 and  3 show  typical  pair-crosstalk  pro- 
babilities. Irregularities  In  the  shape  of  curve  i 
suggested  that  not  all  the  data  were  supplied  by 
the  manufacturer. 

During  this  phase  of  the  study  crosstalk- 
frequency  runs  were  made  and  these  exhibited  two 
Interesting  characteristics.  First,  for  any  Indi- 
vidual combination,  the  response  had  the  expected 
peaks  and  troughs  and  the  frequency  spacing  between 
these  became  shorter  as  the  length  studied  was  in- 
creased. On  the  "bad"  side, the  troughs  were  quite 
broad  and  shallow  while  on  the  "good”  side, the 
peaks  were  sharp.  Thus, It  appears  that  some  of  the 
crosstalk  failures  found  earlier  would  be  the  re- 
sult of  fortuitously  encountering  the  "bad"  area 
for  that  combination, but  also  some  of  the  good 
results  would  be  from  combinations  that  night  be 
judged  "bad”  by  a frequency  run.  These  opposing 


Fig,  3 - Crosstalk  Probabilities 


effects  were  considered  to  cancel  out.  Fig.  4 
shows  typical  frequency  runs  for  a 0.90  am  con- 
ductor cable  (loaded). 


8.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 

FREQUENCY  (kHz) 

Fig.  4 - Crosstalk  versus  Frequency 
(Single  Combination) 

The  second  result  concerned  the  relation 
between  the  frequency  response  of  loaded  and  un- 
loaded pairs.  In  this  case,  the  statistics  of 
multiple  runs  were  compared  with  the  surprising 
result  depicted  In  Fig.  5.  At  1.6  kHz  the  loading 
deteriorates  the  mean  crosstalk  performance  by 
approximately  IS  dB  and  the  difference  Increases 
rapidly  with  frequency, since  the  loaded  pairs  de- 
teriorate at  12  dB/octave  from  1.6  kHz  to  3.2  kHz 
compared  with  2 dB/octave  for  the  unloaded.  These 
results,when  considered  with  the  alms  of  the 
crosstalk  objective  (to  minimise  the  Incidence  of 
Intelligible  crosstalk)  and  the  sensitivity  of  the 
ear  and  telephone  at  the  higher  VF  frequencies, 
suggest  that  a higher  crosstalk  objective  may  be 
necessary  for  loaded  pairs.  This  aspect  Is  not 
further  considered  here. 

Fig.  5 shows  the  comparison  between  loaded 
and  unloaded  pairs. 
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CAPACITANCE  UNBALANCE  (pF3 


Fig.  5 - Comparison  between  Loaded  and  Unloaded 
Pairs 


Fig.  6 - Probabilities  of  the  Capacitance  Unbalance 


Statistics  of  Capacitance  Unbalance 

Various  programs  for  the  analysis  of  the  raw 
data  of  the  capacitance  unbalance  were  designed  to 
provide  some  Insight  Into  the  statistical  distribu- 
tion of  the  capacitance  unbalances  to  allow  a cor- 
relation between  them  and  the  crosstalk  results  to 
be  sought. 

At  first,  all  corrected  CU's  associated  with 
all  pair  combinations  were  analysed  as  one  group, 
and  the  total  distribution  produced.  This  has 
been  compared  to  the  single-sided  normal  distri- 
bution with  a standard  deviation  equal  to  the  RMS 
of  the  total  population.  All  types  of  cables 
exhibited  an  excess  of  high  values  of  capacitance 
unbalance  In  the  95-100X  region  as  compared  to  the 
normal  distribution.  Sometimes,  but  not  always, 
cables  with  the  greatest  excess  of  high  values  had 
low  values  of  crosstalk.  No  correlation  between 
maximum  unbalances  and  low  crosstalk  has  been  found. 

Table  1 shows  the  method  used  to  review  the 
normality  of  the  corrected  CU  distribution. 


Comparing  Figures  3 and  6,  It  can  be  seen 
that  the  cables  exhibited  marked  differences  In 
crosstalk  at  the  lower  end  but  had  similar  maximum 
unbalances.  One  version  (curve  2)  had  more  higher 
unbalances  than  another  (curve  3)  but  In  crosstalk 
their  performance  was  reversed. 


As  some  reservstlons  were  held  about  the  CU 
correction  factor  for  length,  further  investigation 
was  conducted  in  which  each  manufacturing  method 
was  separately  analysed  in  Individual  drumlength 
groups  (500  m,  1000  m and  2000  m).  Three  correc- 
tion factors  for  length  were  used:- 

Line,r  *1000  • Ki  " *TT 

C . . , _ J 1000 

Square  Root  Kt  j t~ 


0NE-SI0ED  NORMAL 

RMS/MEAN 

90X 

95X 

99X 

99. 5X 

DISTRIBUTION 

1.254 

1.6*5 

1.960 

2.576 

2.807 

NATURAL  MIXING 

1.32* 

1.60* 

2.0*1 

3.085 

3.368 

CR0SS-STRAN0ING 

1 . *1 5 

1.708 

2.1*6 

3.278 

3. *51 

OSCILLATING 

1 • *99 

1.723 

2.256 

3.356 

3.809 

0SC1LL.+  STRANDING 

1.38* 

1.658 

2.13* 

3.070 

3. *30 

Table  1 - Statistical  Normality 

of  CU  Distributions 

Example  from  Table.  The  99X  point  of  a 
single  sided  normal  distribution  occurs  at  2.576 
times  the  RMS  whereas  for  the  naturally  mixed  cable 
the  point  Is  at  3.085  times  the  RMS  Indicating  an 
excess  of  high  values. 

Fig.  6 shows  typical  probabilities  of  the 
capecltance  unbalance. 


Ulth  one  exception.  It  was  found  that  the 
square-root  corrected  results  for  all  drumlength 
groups  for  a particular  manufacturing  method,  were 
consistent  with  the  hypothesis  that  they  were 
samples  from  a single  population.  The  exception 
was  a sample  that  had  exhibited  poor  crosstalk 
performance.  It  was  then  found  that  the  data  had 
cone  from  two  groups  separated  by  a change  In 
manufacturing  process  and  with  one  group  being 
almost  all  1000  n lengths  and  the  other  2000  m 
lengths.  One  group  contained  all  the  "bad"  cross- 
talk results  with  two  particularly  "bad"  combina- 
tions. the  cable  manufacturer  confirmed  manufactu- 
ring problems  in  the  past  and  supplied  new  data. 
Results  of  the  new  analysis  are  curves  4 In  Fig.  3 
and  6.  Tht*  square  root  correction  factor  applied 
to  the  new  data. 

As  the  objective  of  any  rejection  criterion 
is  to  Improve  crosstalk  performance,  and  knowing 
that  "bad"  crosstalk  is  caused  by  an  exceas  of 
"high”  values  of  cspacltsnce  unbalance,  some  method 
of  eliminating  these  "high"  values  Is  required. 
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A simple  program  mas  used  to  display  the  set  number 
and  a range  of  possible  elimination  criteria.  With 
either  5Z  or  10Z  of  the  "high"  sets  removed,  the 
remainder  mas  analysed  for  crosstalk  and  compared 
with  the  original  population.  Initially  the  cri- 
teria studied  were 


of  every  combination  plotted  against  the  RMS  of 
that  combination.  The  results  confirmed  that.  If 
the  RMS  of  the  corrected  CU's  of  a combination  Is 
below  a certain  level  there  Is  a high  probability 
that  the  NEXT A will  be  better  than  a certain  value 


. seta  with  highest  maximum 

. sets  with  highest  RMS 

. sets  with  highest  mean 

The  results  showed  that  eliminating  sets 
with  high  mean  values  did  not  Improve  crosstalk, 
significantly  and  the  same  was  found  by  eliminating 
che  maximum  values.  Marked  Improvement  In  cross- 
talk performance  was  found  by  eliminating  sets  with 
high  RMS  values.  Finally,  a method  Involving  the 
computation  of  the  RMS  of  the  four  highest  unbalan- 
ces In  the  set  and  using  this  value  as  the  elimina- 
tion criterion  proved  to  be  the  most  successful  for 
all  cables. 

Overall,  we  were  still  surprised  by  the  small 
crosstalk  Improvement  achieved  by  the  elimination 
of  such  high  proportions  - perhaps  a manifestation 
of  the  adage  that  quality  cannot  be  tested  Into  a 
product.  Moreover  we  were  still  confronted  by  the 
anomaly  that  we  could  not  review  blocks  of  CU  data 
and  assess  which  would  give  acceptable  crosstalk 
and  which  would  not. 

As  mentioned  before,  we  have  found  that  the 
total  CU  distribution  was  not  normal  and  that  poor 
crosstalk  performance  often  involved  only  a few 
"bad"  combinations.  Our  breakthrough  came  with  the 
separate  analysis  of  the  corrected  CU  of  each 
pair  combination. 

Our  program  analysed  each  combination  over 
the  whole  data  block  (100  or  so  sets)  and  the  mean, 
RMS,  90Z,  9SZ,  99Z,  and  maximum  values  for  each 
combination  were  obtained.  It  was  found  that  the 
distribution  of  unbalances  for  any  combination  was 
close  to  the  normal  one.  All  unbalances  were  then 
normalised  (e.g.  expressed  as  standard  deviations 
of  the  particular  combination)  and  the  total  popu- 
lation of  all  "normalised"  unbalances  observed.  All 
types  of  cables  analysed  then  exhibited  normal 
distribution.  Table  2 shows  results  and  indicates 


that  the  normality 

• 

c 

1 

U 

at  least  up 

to  the 

99. SZ  level. 

RMS/MEAN 

90X 

95X 

99X 

99.5* 

ONE-SIOEO  NORMAL 

DISTRIBUTION 

1.254 

1.645 

1.960 

2.5/6 

2.807 

NATURAL  MIXING 

1.257 

1.650 

1.950 

2.500 

2.740 

CROSS-STRANOING 

1.322 

1.650 

2.000 

2.690 

2.980 

OSCILLATING 

1.301 

1.550 

1.900 

2.780 

3.140 

0SC ILL.*  STRAN0ING 

1.317 

1.640 

2.020 

2.860 

3.160 

To  achieve  our  70  dB  NEXTA  requirement,  the 
RMS  value  of  the  corrected  CU  for  any  combination 
should  be  less  than  35  pF  for  0.64  in  and  less 
than  30  pF  for  0.90  na  conductor  cable.  Fig. 7 and 
8 show  the  scatter  diagrams  for  the  two  gauges  and 
the  various  manufacturing  processes. 


Fig.  7 - NEXTA  versus  RMS  of  corrected  CU  for 
0.64  mm  cable 

New  Acceptance  Limit 

The  above  was  for  a block  of  data  - 100  or 
so  drumlengths.  This  Is  acceptable  In  order  to 
demonstrate  the  adequacy  of  the  cable  design, 
manufacturing  processes  and  production  approvals. 
But  for  acceptance  of  an  Individual  drumlength 
of  a cable  some  method  of  assessing  its  corrected 
CU's  In  relation  to  the  total  population's  RMS 
Is  required. 


Table  2 - Normalised  Values  of  the  Capacitance 
Unbalance 


Thus,  for  any  combination,  the  RMS  of  the 
corrected  CU  of  a reasonably  sisod  data  block  comp- 
letely characterises  the  CU  distribution  and  combi- 
nations with  similar  RMS's  should  exhibit  similar 
statistics  of  crosstalk.  To  chock  this,  scatter 
diagrams  were  produced  for  selected  NEXTA  statistics 


The  theory  of  discrete  time  series,  where 
the  data  are  discrete  observations,  has  been  con- 
sulted and  the  exponential  smoothing  method 
accepted^.  This  method  produces  an  average  In 
which  past  observations  are  geometrically  disc- 
ounted according  to  their  age. 

The  general  formula  for  exponential 
smoothing  Is  : 
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Both  results  seemed  satisfactory  snd  0.01 
was  chosen  snd  the  limits  were  set  st  2 pF  shove 
the  previously  determined  30  snd  35  pF.  Checks 
showed  that,  If  the  RMS  of  the  dsts  block  wsstfor 
example,  31  pF,the  32  pF  limit  rejected  a high 
proportion  of  the  product  and  the  crosstalk  perf- 
ormance of  the  accepted  product  remained  satis- 
factory. Thus  the  method  Is  very  sensitive  and 
appears  to  be  fair  to  both  producer  and  customer. 

The  new  method  has  been  applied  successfully 
for  a trial  period  on  the  following  basis  :- 

. Acceptance  of  Individual  drumlengths  Is 
determined  directly  from  the  square  root  of 
the  exponentially  smoothed  RMS  value  of  the 
corrected  capacitance  unbalance  determined 
separately  for  each  wlthln-unlt  pair 
combination. 

Provided  the  result  for  each  wlthln-unlt  pair 
combination  Is  below  the  limit,  the  drumlength 
Is  acceptable.  The  upper  limits  are  : 

70  pF  for  0.40  am 
37  pF  for  0.64  tm 

32  pF  for  0.90  ■ conductor  cables. 

. The  formula  for  determining  each  new  average 
Is 


Fig.  8 - NEXTA  versus  RMS  of  corrected  CU  for 
0.90  mm  cable 


St(x)  - Xt  + (1  - a)  St_,  (x) 


where  S (x)  Is  the  smoothed  function  after 
' the  t1”  observation  of  data 


Sf_j (x)  Is  the  previous  value  of  the 
smoothed  function 

X Is  the  value  of  the  tth 

observation 


a Is  the  smoothing  constant. 

Adapting  tha  formula  for  the  RMS  of  the 
corrected  CU  we  can  write  t 


At-  | 0.01  (K2  + K2  ♦ ..+  K2)  + (1-0. Oln)  a|_j 

where  A(  Is  the  new  exponentially  smoothed 
RMS  for  a combination 

A j Is  the  RMS  for  that 

combination  after  acceptance 
of  the  previous  drumlength 

n Is  the  number  of  units  tested  In 
the  drumlength  being  offered. 

(In  30,50,70  and  100-palr  cables 
only  two  units  are  normally  tested.) 

K.,K,,..K  are  the  corrected  CU's 
n for  that  combination 
In  the  units  tested. 


RMSt  - | oK2  + (l-o)  RMS2t_1 

where  K Is  the  corrected  CU  of  the  tth  drumlength. 


. In  determining  the  acceptability  of  the 
Initial  production,  the  starting  value  of 
A£_ j Is  taken  aa  3 pF  below  the  upper  limits 

quoted  before. 


Various  test  runs  were  performed  In  order  to 
study  tha  effect  of  various  values  of  the  smoothing 
constant  and  tha  range  within  which  the  smoothed 
DC  moves  when  data  aats  are  salected  at  random 
from  a data  block.  It  has  bean  found  that,  with 
smoothing  constants  of  0.02  snd  0.01, the  smoothed 
RMS  for  any  "bad"  combination  varied  by  approx- 
imately 3 pF  and  2pF  respectively  around  soma 
average  value. 


A drumlength  not  Initially  accepted  may  be 
re-offered  at  any  time  and  Is  acceptable  If 
the  resultant  smoothed  average  at  that  time 
Is  satisfactory  but  the  manufacturer  has  to 
report,  monthly,  the  number  of  re-offered 
drumlengths. 

The  manufacturers  Involved  use  test  equlp- 
msnt  under  computer  control  and  this  readily 
allows  the  drumlength-by-drunlength  surveillance 
of  the  smoothed  RMS  values  so  that  there  Is  no 


coat  penalty  for  testing.  In  this  regard  the 
exponential  snoothlng  technique  has  the  benefit  of 
being  relatively  economical  of  coaputer  memory. 


Metzenthen,  W.E.,  "The  Long  Line  Telephone 
Telephone  804". 

The  Telecommunication  Journal  of  Australia 
Vol.  26,  No. 1,  32-40. 


Other  Applications 


As  Indicated  earlier.  It  la  possible  to 
assess  the  benefit  of  random  jointing  within  10- 
palr  units  with  the  crosstalk  simulation  program. 
With  our  data  sets,  a benefit  of  2 to  3 dB  was 
found  but,  we  suspect,  the  benefit  arose  because 
our  aanuf acturer s'  products  always  exhibited  some 
"bad"  pair  combinations,  presumably  arising  from 
the  twist  lengths  used.  In  these  products,  10 
twist  lengths  are  used  and  each  pair  retains  the 
same  twist  length.  If  all  combinations  were  equal 
random  jointing  would  confer  no  benefit. 


2.  Nordblad,  S.,  "Cross  Stranding  of  Telephone 
Cable*.  Ericsson  Review,  No.  3,  1977,  105-111 


Brown,  R.G.,  "Smoothing,  Forecasting  and 
Prediction  of  Discrete  Time  Series". 
Prentice-Hall  International,  1963. 


Application  to  25-palr  units  Is  also  possible 
but  here  the  test  equipment  has  to  provide  the 
smoothed  RMS  results  for  each  of  the  300  combi- 
nations. We  feel  that  some  of  the  factors  unearthed 
In  this  study  are  even  more  significant  with  stra- 
ight (colour)  Jointed  25-palr  units.  Hence  we 
believe  that  the  specifications  we  have  examined 
do  not  assure  the  user  of  adequate  crosstalk  per- 
formance for  his  telephone  In  his  network. 


Conclusion 
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EXPERIMENTAL  VERIFICATION  OF  THEORETICAL  LOW-FREQUENCY 
CROSSTALK  MODELS 

by 

Thomas  F.  McIntosh 
Bell  Laboratories 
Norcross,  Georgia  30071 


Abstract 

Results  are  presented  from  a con- 
tinuing measurement  program  to  charac- 
terize low  frequency  crosstalk  in  multi- 
pair cables  and  to  verify  the  mathema- 
tical models  for  crosstalk  prediction. 
Specifically,  crosstalk  measurements  are 
discussed  for  two  900-pair  26-gauge  multi- 
unit pulp  cables  for  the  frequency  range 
from  2.1  to  772  kHz  and  for  both  the 
balanced-to-balanced  and  longitudinal-to- 
balanced  modes.  Mean,  standard  deviation 
and  1%  crosstalk  statistics  are  presented. 
Comparisons  are  made  between  crosstalk 
measurements  and  analytical  predictions 
for  specific  termination  conditions. 
Differences  between  the  measurements  and 
predictions  are  typically  within  1.0  dB, 
with  maximum  differences  at  specific 
frequencies  of  approximately  1.6  dB. 

The  variation  of  predicted  crosstalk 
loss  with  the  level  of  termination  impe- 
dance is  discussed. 


Introduction 


The  increasing  presence  of  signals 
with  significant  frequency  content  out- 
side the  voice  band  continues  to  empha- 
size the  need  for  crosstalk  characteriza- 
tion of  multipair  telephone  cable  in  the 
range  below  a few  hundred  kHz.  Although 
the  cables  are  designed  to  operate  in  an 
electrically  balanced  configuration, 
some  of  the  signals  may  contain  a domi- 
nant longitudinal  component.  This  gives 
rise  to  the  additional  need  for  charac- 
terization of  the  crosstalk  coupling 
between  a disturbing  longitudinal  cir- 
cuit and  a disturbed  balanced  circuit. 

Previous  crosstalk  data  have  been 
limited  principally  to  the  frequency 
range  above  100  kHz , and  have  included 
only  the  balanced-to-balanced  coupling 
mode.  Since  the  characteristic  impe- 
dance of  a cable  pair  changes  rapidly 
with  frequency  below  100  kHz,  it  is 
impossible  to  approximately  match  the 
pairs  with  fixed  terminations  except 
over  a relatively  narrow  bandwidth. 


The  resulting  mismatches  in  impedance 
between  the  cable  and  the  terminations 
produce  reflections  which  can  signifi- 
cantly alter  measured  crosstalk.  Thus 
a prohibitively  large  amount  of  crosstalk 
data  measured  under  various  termination 
conditions  would  be  required  for  adequate 
characterization. 

A theoretical  model  for  crosstalk 
prediction  which  accounts  for  the  effects 
of  nonmatched  terminations  has  been  re- 
ported.1 This  model  has  been  extended  to 
include  the  longitudinal-to-balanced 
crosstalk  case.  Crosstalk  measurements 
on  two  26-gauge  pulp  cables  are  discussed 
as  a part  of  a continuing  program  of 
model  verification  and  of  low  frequency 
crosstalk  characterization.  Crosstalk 
predictions  are  presented  for  a range 
of  nonmatched  terminations. 

Low  Frequency  Crosstalk  Model 

In  the  following,  the  theoretical 
model  presented  previously1  is  reviewed 
briefly  and  the  modifications  required 
to  extend  the  analysis  to  the  longitu- 
dinal-to-balanced  mode  are  identified. 
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CtOSSTAlK  CIECUIT  MODEL 


Figure  1 shows  the  circuit  diagram 
for  any  two  pairs  of  a multipair  cable. 
At  a given  point  x along  the  circuit, 
voltages  and  currents  are  induced  in 


the  disturbed  circuit  through  capacitive 
and  inductive  coupling  (see  Reference  2). 

If  the  near-end  crosstalk,  N(w),  and  the 
equal-level  far-end  crosstalk,  F(w),  are 
defined  as  (see  Figure  1) 

V,(0) 

N<“>Avf(0)  (la) 

and 

V,U> 

F(o>)  A — p-r  (lb) 

V1(0)e'1  r 

then  a reflection  analysis  of  the  dis- 
turbed circuit  yields  the  following  basic 
model  formulas: 

N<“>  * Kn[SiNA(“)+CN2F12(“)"<:N3F21(u)+CN4NB(“)]  <2a> 
F(w)  - Kr|cF1NA(a))+CF2F12(ui)-K:F3F21(w)+CF4NB(w)j.(2b) 

In  Equation  (1) , is  the  propagation 
constant  of  the  disturbing  pair.  Pair  1, 
and  2 is  the  length  of  the  line.  For  the 
case  of  longitudinal- to-balanced  coupling, 
Vj^(O)  is  a longitudinal  voltage  and  Pi 
is  the  longitudinal  propagation  constant. 

Referring  to  Equation  (2) , the  com- 
plex constants  K and  C are  functions  of 
frequency  but  are  deterministic  from  (1) 
the  known  terminations  ZN  and  Zp,  (2)  the 
normalized  amplitudes  of  the  forward  and 
backward  traveling  waves  in  pair  1 deter- 
mined by  the  terminations  Zq  and  Zr,  (3) 
the  propagation  constants  of  pair  1 
(balanced  or  longitudinal)  and  pair  2, 

(4)  the  characteristic  impedances  of 
pair  1 (balanced  or  longitudinal)  and 
pair  2,  and  (5)  the  length  of  the  cable. 

The  crosstalk  terms  N^,  Fj2,  F21,  and  Nr 
in  Equation  (2)  are  called  the  matched 
crosstalk  coefficients  since  they  are 
defined  with  the  terminating  impedances 
matched  to  the  lines.  The  coefficients 
are  defined  as  follows: 


Given  the  propagation  constants  and 
the  characteristic  impedances  of  both  pairs. 
Equation  (2)  indicates  that  N(u)  and  F(u) 
can  be  calculated  for  any  set  of  termi- 
nating conditions  if  the  matched  cross- 
talk coefficients  are  known.  Conversely, 
these  coefficients  can  be  evaluated  by 
measuring  N(u>)  and/or  F(w)  under  four 
sets  of  terminating  conditions,  and  per- 
forming the  necessary  matrix  inversion. 
Notice  that  all  the  terms  in  Equation  (2) 
are  complex,  and  that  both  the  loss  and 
phase  of  the  crosstalk  signals  must  be 
measured. 

In  summary,  the  theoretical  models 
permit  the  prediction  of  pair-to-pair 
near-end  or  far-end  crosstalk  for  any 
balanced-to-balanced  or  longitudinal-to- 
balanced  termination  condition  from  a 
basic  set  of  measurements.  This  set 
consists  of  four  crosstalk  measurements 
for  nonmatched  terminations,  plus  the 
propagation  constants  and  characteristic 
impedances  of  the  pairs.  This  technique 
can  greatly  reduce  the  number  of  measure- 
ments required  for  crosstalk  characteriza- 
tion for  a variety  of  termination  conditions. 

Crosstalk  Measurements 

Crosstalk  measurements  are  performed 
utilizing  a Computer-Operated  Transmission 
Measuring  Set  (C0TMS).3  COTMS  permits  the 
rapid  measurement  of  near-end  or  far-end 
crosstalk  loss  and  phase  for  a wide  range 
of  frequencies  from  1 kHz  to  10  mHz.  A 
recently  improved  computer-controlled  pair 
switch  automatically  selects  the  pair 
combination  and  sets  the  terminations 
(longitudinal  or  balanced)  for  each  of 
the  1225  combinations  in  a 50-pair  unit.^ 
Corrections  due  to  mismatched  terminations 
are  made  to  the  measured  insertion  ratio 
to  obtain  crosstalk  loss  and  phase. 1 The 
near-end  and  far-end  crosstalk  losses  are 
expressed  as  positive  numbers  by 


N(u>)dB  = -20  log10|Nlw)|  (3a) 

F(<o)dB  * -20  log10|F(u>)|  , (3b) 


Na  = N (u>)  (circuit  1 to  circuit  2). 
f12  = F(“)  (circuit  1 to  circuit  2). 


where  N(w)  and  F(u>)  are  defined  in  Equation 
(1).  Crosstalk  phase  is  the  angle  of 
either  N(io)  or  F(w). 


F21  = F(w)  (circuit  2 to  circuit  1). 

Nr  = N (u>)  (circuit  1 to  circuit  2). 
Measured  at  the  opposite  end 
of  the  cable  from  which  N^  is 
measured. 

The  definitions  are  valid  for  both 
balanced-to-balanced  and  longitudinal-to- 
balanced  crosstalk. 


Crosstalk  measurements  were  collected 
on  two  900-pair  26-gauge  multiunit  pulp 
(MUP ) cables.  The  MUP  design  breaks  the 
standard  900-pair  pulp  construction  into 
100-pair  multiunits  composed  of  four  25 
pair  primary  units.  This  is  a recently 
introduced  design  which  facilitates  splicing, 
rearranging  and  restoring  pulp  cables  when 
using  modular  connectors.  Data  were  col- 
lected on  two  25-pair  primary  units  (50 
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pairs)  near  the  center  of  the  cable  core 
and  on  two  units  (50  pairs)  adjacent  to  the 
shield.  Each  set  consisted  of  1225  pair- 
to-pair  combinations.  The  lengths  of  cables 
1 and  2 were  approximately  2000  and  2300 
feet,  respectively. 

Pine  gauge  conductors  were  selected 
for  initial  measurements  to  permit  reason- 
able cable  lengths  on  a reel,  and  simul- 
taneously to  have  a pair  count  large 
enough  to  distinguish  between  units 
near  the  center  of  the  core  and  those 
near  the  shield.  Pulp  insolation  was 
chosen  for  the  first  phase  of  measure- 
ments because  previous  data  had  shown 
that  the  longitudinal-to-balanced  cross- 
talk losses  were  lower  for  pulp  than  for 
corresponding  PIC  cables.  Future  measure- 
ments as  currently  envisioned  will  include 
26-gauge  PIC,  and  22-gauge  pulp  and  PIC 
cables,  including  DEPIC  designs. 

Model  Verification 

Figure  2 shows  a simplified  data  flow 
involved  in  the  model  verification  program. 
Four  nonmatched  near-end  and  far-end 
measurements  (loss  and  phase)  utilising 
open  and  short  circuit  conditions^  were 
made  by  COTMS  for  each  pair  combination 
for  10  frequencies  from  2.1  to  772  kHz, 
for  both  balanced-to-balanced  and  longi- 
tudinal-to-balanced  coupling.  These 
measurements,  along  with  the  propagation 
constants  and  characteristic  impedances 
of  each  pair,  were  processed  on  a general 
purpose  computer  to  derive  the  four  matched 
crosstalk  coefficients  (using  Equation  (2)) 
for  each  pair  combination  at  each  fre- 


quency. The  coefficients  are  universal 
in  the  sense  that  they  characterize  26- 
gauge  MUP  cable  for  these  cable  lengths 
and  for  these  frequencies,  and  they  can 
be  used  to  predict  crosstalk  for  any  con- 
figuration of  balance  or  longitudinal 
(disturbing  pair  only)  terminating  impe- 
dance. As  a test  of  model  validity,  both 
measurements  and  predictions  were  generated 
for  an  all  78-ohm  termination  case.  This 
termination  condition  represents  the  stan- 
dard COTMS  configuration  and  was  selected 
for  convenience.  Previous  studies  have 
verified  that  the  model  accuracy  is  insen- 
sitive to  termination  level. 

Figures  3,  4,  and  5 summarize  the 
pertinent  statistics  for  the  near-end 
measurements  and  predictions  for  78-ohm 
terminations.  These  data  represent  the 
composite  averages  of  both  50-pair  groups 
(core  center  and  core  edge)  for  both  MUP 
cables.  The  accuracy  of  the  models  for 
any  individual  group  for  either  cable  was 
not  significantly  different  from  that 
illustrated  in  these  figures.  Both 
balanced-to-balanced  and  longitudinal-to- 
balanced  data  are  presented.  1%  cross- 
talk loss  is  of  interest  in  specific 
transmission  system  studies.  This  repre- 
sents the  point  on  the  crosstalk  distri- 
bution for  which  only  1%  of  all  measured 
values  are  poorer  (lower  crosstalk  loss). 
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For  the  balanced-to-balanced  case, 
the  difference  between  the  measured  and 
predicted  average  and  1%  losses  are  gen- 
erally less  than  1.0  dB,  with  a maximum 
difference  of  1.6  dB  for  the  average  at 
2.1  kHz.  This  difference  is  attributed 
to  a limitation  of  the  COTMS  measurement 
sensitivity,  which  has  the  effect  of 
distorting  the  high  loss  end  of  the 
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First,  no  significant  differences  were 
observed  between  the  data  for  the  50-pair 
group  near  the  core  center  and  those  for 
the  group  near  the  shield.  This  is  true 
for  both  balanced-to-balanced  and  longitu- 
dinal-to-balanced. Second,  the  difference 
between  the  average  near-end  balanced-to- 
balanced  and  longitudinal-to-balanced 
crosstalk  loss  varies  between  approxi- 
mately 26  dB  at  2.1  kHz  and  20  dB  at 
150  kHz.  The  corresponding  values  for 
the  average  far-end  crosstalk  loss  are 
24  dB  at  2.1  kHz  and  26  dB  at  150  kHz. 

And  third,  over  the  frequency  range  from 
2.1  to  150  kHz,  the  slopes  of  average 
near-end  crosstalk  loss  versus  frequency 
are  approximately  -24  dB/decade  and  -21 
dB/decade  for  balanced-to-balanced  and 
for  longitudinal-to-balanced,  respec- 
tively. The  corresponding  slopes  for 
average  far-end  crosstalk  are  about  -26 
and  -28  dB/decade. 


Although  the  measurements  for  78-ohm 
terminations  are  useful  for  model  verifi- 
cation, it  is  of  interest  to  examine  the 
crosstalk  levels  for  terminations  which 
more  closely  match  the  cable  characteris- 
tic impedances  at  low  frequency.  The 
matched  crosstalk  coefficients  for  both 
50-pair  groups  of  cable  1 (2000  feet) 
were  used  to  predict  near-end  and  far- 
end  crosstalk  loss  for  a range  of  termi- 
nation levels.  Figure  6 illustrates  the 
type  results  observed.  Shown  here  are 
the  average  balanced-to-balanced  near-end 
crosstalk  profiles  when  both  the  disturbing 
and  disturbed  pairs  are  terminated  in  the 
fixed  resistive  values  shown.  Similar  data 
were  obtained  for  far-end  balanced-to- 
balanced  crosstalk,  and  for  the  near-end 
and  far-end  longitudinal-to-balanced  case. 
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distribution  of  the  open  and  short  cir- 
cuit measurements  used  to  compute  the 
matched  coefficients.  This  is  also 
reflected  in  the  low  prediction  of 
standard  deviation  at  2.1  kHz  as  shown 
in  Figure  4.  Agreement  between  the 
average  and  1%  near-end  crosstalk  losses 
for  the  longitudinal- to-balanced  case  is 
also  typically  less  than  1.0  dB,  with 
maximum  differences  of  approximately 
1.6  dB. 

The  tests  of  model  validity  for  far- 
end  crosstalk  losses  produced  results  which 
were  very  similar  to  those  shown  for  near- 
end crosstalk.  These  data  have  been 
omitted  here  for  space  reasons. 

The  following  comments  can  be  made 
concerning  these  low  frequency  crosstalk 
measurements  for  78-ohm  terminations. 


Notice  the  decreasing  slope  versus  fre- 
quency as  termination  levels  increase. 
Also  shown  by  the  dashed  curve  in  Figure 
6 is  the  average  near-end  crosstalk  loss 
when  the  pairs  are  terminated  in  the 
characteristic  impedance.  Over  the 
frequency  range  between  10  kHz  and  1 MHz, 
this  dashed  curve  has  an  approximately 
-17  dB/decade  slope,  which  can  be  com- 
pared to  -15  dB/decade  as  theoretically 
predicted  for  matched  crosstalk  at  higher 
frequencies.  ^ Similarly,  for  the  sai.ie 
frequency  interval,  the  average  matched 
far-end  crosstalk  loss  also  exhibits  a 
slope  of  -17  dB/decade  compared  to  -20 
dB/decade  as  theory  predicts  at  higher 
frequencies.  However,  since  the  pairs 
are  matched  by  fixed  terminations  which 
equal  the  characteristic  impedance  over 
limited  frequency  bands,  the  -17  dB/ 
decade  slopes  are  not  valid  over  wide 
bandwidths  under  practical  conditions. 

Summary 

Crosstalk  measurements  on  two  900- 
pair  26-gauge  multiunit  pulp  cables  have 
been  described.  These  data  are  a part 
of  a continuing  verification  program  for 
the  low  frequency  crosstalk  model.  The 
model  is  useful  for  predicting  near-end 
and  far-end  crosstalk  loss  for  any  non- 
matched  termination  condition,  which 
can  greatly  reduce  the  number  of  measure- 
ments required  for  crosstalk  characteri- 
zation in  the  low  frequency  range  down 
to  voice  frequencies.  The  model  has  been 
extended  to  include  the  longitudinal-to- 
balanced  coupling  mode.  For  these  stan- 
dard pulp  cables,  agreement  between  model 
predictions  and  measurements  for  a fixed 
termination  condition  is  typically  with- 
in 1.0  dB  over  most  of  the  frequency 
band  from  772  kHz  down  to  2.1  kHz,  with 
maximum  differences  of  approximately 
1.6  dB.  These  accuracies  are  valid  for 
both  the  balanced-to-balanced  and  the 
longitudinal-to-balanced  cases. 

The  crosstalk  model  has  been  used 
to  examine  the  low  frequency  variation 
of  near-end  and  far-end  crosstalk  losses 
in  terms  of  the  level  of  termination 
impedance.  Spreads  of  15  to  20  dB  in 
crosstalk  loss  are  observed  for  fre- 
quencies below  10  kHz,  for  a typical 
range  of  impedance  values.  Also,  the 
slope  of  the  crosstalk  versus  fre- 
quency is  sensitive  to  the  termination 
level. 


Work  is  currently  underway  to 
obtain  crosstalk  measurements  for  the 
two  pulp  cables  spliced  together. 
These  data  will  provide  insights 
into  the  effects  of  the  splice  and 
to  length  scaling  relationships  for 
nonmatched  conditions.  Future  work 


will  expand  the  model  verification 
to  other  gauges  and  cable  types  (for 
example,  DEPIC) . When  the  laboratory 
phase  is  complete,  the  feasibility  of 
making  confirming  field  measurements 
will  be  explored. 
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COMPLETE  ANALYSIS  OF  THE  ELECTRICAL  BEHAVIOUR 
OF  A SCREENED  QUAD  CABLE 


G.C.  Groenendaal 

Philips  Res . Lets . , Eindhoven , Netherlands 


R.R.  Wilson 

NKF  Kabel  B.V.,  Delft,  Netherlands 

Abstract  the  circuit  deduced  from  the  resistance  1 per 

wire.  LQ  is  deduced  from  the  low  ft-equency  value 
/4/8TT  per  wire . 

We  introduce 

| 2 for  symmetric  circuits 
0 = < 1 for  phantoms  (4) 

(_!  for  asymmetric  circuits 

Losses  per  wire  due  to  skin  effect  are  represented 


Based  on  previous  publications  we  have  set  up 
a computer  program  which  enables  us  to  calculate 
the  primary  and  secondary  parameters  of  transmission 
circuits  in  ordinary  subscriber  cables.  The  pro- 
gram has  been  applied  to  a screened  quad  cable. 

The  numerical  results  are  verified  by  measurements. 
There  is  a very  good  agreement. 

I Introduction 

For  future  communication  services  such  as 
high-speed  data,  facsimile  and  viewphone  a band- 
width exceeding  the  usual  4 kHz  is  needed.  From 
economical  point  of  view  it  is  worthwhile  to  in- 
vestigate whether  the  existing  subscriber  cables 
are  suitable  or  not.  Another  attractive  propo- 
sition would  be  the  development  of  new  types  of 
broadband  cables.  Both  alternatives  should  be  in- 
vestigated. For  this  reason  we  have  derived  a 
mathematical  model  describing  the  electrical 
behaviour  of  circuits  in  twisted  multiwire 
cables  Ql]. 

In  this  paper  we  apply  the  mentioned  model 
to  the  accurate  computation  of  the  primary  and 
secondary  parameters  of  a screened  quad  cable  (see 
fig.  1)  by  means  of  a digital  computer.  The 
dimensions  of  the  cable  are  also  indicated  in  this 
figure.  These  dimensions  are  slightly  different 
frcm  the  ones  under  ref.  4 because  of  a more 
accurate  measurement  and  a higher  ambient 
temperature  (25°C  instead  of  20°C).  In  order  to 
facilitate  the  set  up  of  the  computer  program  we 
have  worked  out  the  formulae  of  LO  and  added 
seme  new  details  too.  Section  II  is  devoted  to  the 
calculation  of  the  resistance  and  inductance  and 
section  III  gives  the  formulae  for  the  capacitance 
of  the  side,  phantom  and  asymmetric  circuits.  Com- 
parison of  measurements  and  numerical  results,  will 
be  presented  in  section  IV. 

II  Calculation  of  resistance  and  inductance 

A great  deal  of  insight  into  the  contribution 
of  skin  and  proximity  effect  to  the  total  re- 
sistance and  inductance  can  be  gained  by  calcu- 
lation the  sub-contributions  defined  as  : 

_ skin  pro*  score  n ou+ 

R +R  + R +(r  ),  (1) 

, skm  .pro*  .screen  ou+. 

issfe.  L +L  +L  *L  *(L  ) (2) 

with  ° R„=  0_=rrn-  and  Ln-  © (3) 
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by 


(5) 


J ^fUa  D.fka) 

where  k = y - jw/u(T ( O'®  conductivity  ,M  * permea- 
bility). The  separation  of  (5)  into  real  and 
imaginary  parts  can  be  performed  very  easily  by 
using  the  Kelvin  functions  [2j. 

The  theory  of  the  proximity  effect  is  described  in 
[[3 , 4j . Although,  we  have  proved  in  £4J  that 
separation  of  the  proximity  losses  in  a part  rep- 
resenting the  losses  in  the  wires  (ZProx)  a second 
part  giving  the  losses  in  the  screen  (zscreen)  is 
not  physically  meaningful,  we  still  follow  the 
notation  of  Kaden  £ 5J. 

For  all  circuits  we  have  derived  in 
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with  Qn  as  given  in  and  £ * ^ 

The  normalized  values  of  Rscreen  and  Lscreen  are 
given  in  Table  I.  Moreover,  the  principal  values 
of  the  inductance  L,  as  given  by  Kaden  [V]  are 
shown  too  ( u ■ (*j£L)2). 

The  terms  Rout  and  Lout  only  contribute  in  the  a- 
symmetric  mode  of  tranmission. 

In  [4]  we  have  derived 
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Hence 


where  Rq  is  the  d.c.  resistance  per  unit  length  of 
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wr=1.  Performing  the  summations  gives 


X can  easily  be  calculated  by  using  the  Kelvin 
functions  as  defined  in  £2j. 

Ill  Calculation  of  the  capacitance 

Let  us  consider  the  screened  quad  cable  of 
fig.  1.  For  the  potentials  Ui,U2,...Uj,  on  the  four 
conductors  with  charges  qj , qp,...q!j  we  can  write 
the  set  of  linear  equations  foj: 

Ul  *Ki  qi  ♦Kgqg+Kjqq'HCgqji , 

U 2“Kpq  i +K  i q2+K2q3+Kjqjl , 

U 3=K3qi  +K2qg+Ki  93+K2qi , ( 1 2 

Ul^Kgq^  +K3q2+Kgq3+Kj  q^ , 

The  coefficients  K-)  ,K2  and  Kq  are  the  coefficients 
of  potential.  In  his  book  f 61  Klein  has  derived 


For  our  screened  quad  cable,  it  therefore  follows 
that 

0.181°,  ( 

u = 0.1225.  ' ; 

In  Table  II  the  calculations  of  the  "thin  wires 
approach"  are  given  based  on  ( 1 6 ) . The  results 
given  are  valid  for  £eff=1>  but  the  cable  of  fig. 

1 has  an  inhomogeneous  dielectrum,  viz.  a com- 
bination of  polythene  and  air.  The  £r  of  pure 
polythene  is  2.3.  Because  of  the  small  air  slots 
we  expect  an  effective  dielectric  constant  which 
is  a little  bit  lower.  Comparison  of  the  measured 
capacitances,  which  are  Cg=51*.07  (nF/km), 

Cf*129.58  (nF/km)  and  CA=lL0.08  (nF/km),  give 
effective  dielectric  constants  as  shown  in  Table 
II.  We  conclude  that  the  approximation  for  thin 
wires  is  very  inaccurate.  Adding  the  correction 
for  thick  wires  (17)  gives  excellent  results  as 
shown  in  Table  II.  An  £eff  of  2.2k  is  very 
realistic . 

IV  Practical  example 

We  have  set  up  a computer  program  based  on 
the  formulae  of  sections  II  and  III.  This  program 
is  applied  to  the  screened  quad  cable,  as  shown  in 
fig.  1.  Results  are  shown  in  figs.  2 to  7. 

From  the  figures  we  conclude  that  losses  due  to 
skin  effect  play  a dominant  role,  but  for  higher 
frequencies  (>100  kHz),  the  proximity  effect  also 
becomes  important.  In  these  figures  the  normalized 
inductance  and  resistance  are  given,  which  makes 
mutual  comparison  difficult.  Hence  we  have  also 
computed  the  real  values  of  the  primary  parameters. 
The  results  are  presented  in  figs.  8 to  10.  From 
the  primary  parameters  we  easily  obtain  the 
secondary  parameters,  viz. 


The  computation  of  Kj ,K2  and  K- 
straightforward . 

We  start  from  (96)  of 


for  thin  wires  is 


with  An«0 


Note  that  all  dimensions  are  normalized  with 
respect  to  aQ.  With  the  notation  of  (25),  (26)  and 
(27)  of  £ltl  , after  comparison  with  (12)  we  obtain 


Ki-  InlTw) 

Combining  (15)  and  (13)  yields 


These  quantities  are  also  given  in  figs.  6 to  10. 
It  appears  that  the  asyanetric  circuit  has  the 
lowest  attenuation.  Another  important  conclusion 
is  that  for  all  three  circuits  the  phase  constants 
are  equal.  Hence,  we  expect  a very  low  cross-talk 
between  those  three  circuits  because  the  waves  are 
propagating  at  the  same  speed. 

Finally  we  want  to  compare  the  measured  and  cal- 
culated attenuation  for  several  frequencies.  In 
practice  it  is  impossible  to  measure  <X  as  given  in 
figs.  8 to  10,  because  the  terminating  networks  of 


These  values  can  also  be  found  in  Kaden  5 J • In 
[kj  the  values  of  ZProx  to  the  order  of  are 
given  (Table  II  one  page  1»21).  These  results  can  be 
applied  in  order  to  obtain  our  first  correction 
for  thick  wires  of  the  coefficients  Kg,  Kj.  and  K,. 
Therefore, in  Table  II  of  [Uj  we  put  )u  * 1 and 


the  transmission  line  are  in  general  resistors 
(e.g.Rtf5-fl) , which  give  rise  to  reflections.  Since 
our  measuring  set  (Walter  4 Golterman  PM-7 ) 
measures  the  insertion  loss,  the  most  convenient 
way  is  to  correct  the  calculated  cX.  as  follows  : 


10 


cX  - cX  I 
Co  r cal 


+ 10 


where  O = 


(21) 


/_/° 

/ 

and  1 = length  of  transmission 


P~  -R  t ^ 

line-  Expression  (21)  has  been  well- 

-known  to  telephone  engineers  for  50  years  (Zobel, 

B.S.T.J.  July  1928).  It  is  also  evident  that  the 

computations  have  to  be  performed  for  the  correct 

ambient  temperature  of  the  cable,  because  the 

conductivity  of  copper  is  a function  of  temperature, 

viz. 


°T  = 


s8*\o 


I + 0.00396  CT-2o) 


(22) 


where  T *=  temperature  in  °C. 

We  have  carried  out  the  computations  for  <£■ 
56.87x10°(S/m)  and  1 = 1211  m.  The  results  are 
given  in  Table  III.  Comparison  with  measurements 
gives  the  relative  deviation  as  shown.  From  Table 
III  it  follows  that  the  approximations  are  good 
since  we  have  a maximum  error  of  1.5  % for  the 
side  and  phantom  and  2.5  % for  the  asymmetric 
circuit. 


V  Conclusions 

This  paper  has  indicated  how  the  primary  and 
secondary  parameters  of  the  side,  phantom  and 
asymmetric  circuits  of  a screened  quad  cable  can  be 
calculated.  Use  has  beenmade  of  formulae  derived 
in  several  previous  papers.  The  cable  model  was 
verified  by  comparing  the  computed  and  measured 
results  of  the  insertion  loss.  There  is  good 
agreement  between  the  results  (maximum  difference 
2.5  %). 
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Cross-section  through  a screened 
quad  cable . 


Fig.  3.  Normalized  inductance  versus  frequency 
for  side  circuit. 


Fig.  2.  Normalized  resistance  versus  frequency 
for  side  circuit . 


Normalized  resistance  versus 
frequency  for  phantom  circuit. 


Fig.  6.  Normalized  resistance  versus 

frequency  for  asynsetric  circuit . 


Fig.  5.  Normalized  inductance  versus  frequency 
for  phantom  circuit. 


Fig.  7.  Normalized  inductance  versus 

frequency  for  asymmetric  circuit . 


•'  - V"»  • 


Fig.  8.  Primary  and  secondary  parameters  versus 
frequency  for  side  circuit. 


Fig.  9.  Primary  and  secondary  parameters 

versus  frequency  for  phantom  circuit 


Fig.  10.  Primary  and  secondary  parameters 

versus  frequency  for  asymnetric  circuit. 
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Summary 

This  paper  describes  the  new  chemical  blow- 
ing method  to  produce  expanded  polyethylene  insu- 
lation with  about  65$  expansion  and  its  applica- 
tion to  microcoaxial  cables  with  low  attenuation. 
The  chief  characteristic  of  this  method  is  to  use 
a polypropylene  modified  polyethylene  mixed  with 
a conventional  chemical  blowing  agent  (azodicarbo- 
namide). 

The  new  developed  microcoaxial  cable  with  expanded 
polyethylene  insulation  of  63%  expansion  has  an 
attenuation  constant  equal  to  that  of  cable  pro- 
vided with  a conventional  ai r-dielectric-type  in- 
sulation. The  insulation  also  has  more  desirable 
flexibility  and  shrinkage  properties. 

1.  .Introduction 

Commercially  available  coaxial  cables  are 
generally  insulated  by  an  ai r-dielectric-typo  in- 
sulation, by  an  expanded  polyethylene  with  about 
30%  expansion,  or  by  solid  polyethylene.  Many 
types  of  the  air-dielectric-type  insulation  have 
been  widely  applied  to  coaxial  cables  with  low 
attenuation.  One  of  them  is  helical  dielectric 
insulation  which  is  composed  of  polyethylene 
string  wound  helically  around  the  inner  conductor 
and  polyethylene  pipe  ex*ruded  around  the  helical 
string.  As  well  known,  however,  it  is  difficult 
to  economically  produce  microcoaxial  cables  having 
the  air-dielectric-type  insulation  with  diameter 
of  insulation  smaller  than  about  3 mm.  If  an 
extrusion  technique  of  highly  expanded  polyethy- 
lene for  such  small  cores  could  be  developed,  it 
would  be  very  useful  for  making  a microcoaxial  ca- 
ble with  low  attenua'ion. 

At  present,  conventional  chemical  blowing 
methods  can  no*  be  applied  to  obtain  expanded  poly- 
ctnylene  insulation  over  30%  expansion.  The  extru- 
sion process  using  a liquid  blowing  agent  has  al- 
ready been  developed, d) > 2)  t>ur  unfortunately  the 
process  has  the  disadvantage  that  the  uniform  insu- 
lation cores  of  small  diameter  are  unable  to  be 
extruded  because  of  the  difficulty  in  obtaining 
small  and  uniform  cells. 

Under  such  ci reumstances,  a new  chemical 
blowing  method  for  making  insulation  over  65$  ex- 
pansion has  been  investigated  and  microcoaxial 
cables  with  low  attenuation  have  been  successfully 
developed.  The  new  microcoaxial  cables  have  been 
already  in  practical  application  to  MATV  (Master 
Antenna  Television)  systems  and  many  other  usages. 


2.  Extrusion  of  expanded  insulation 
2-1  Selection  of  material 

Selecting  a suitable  chemical  blowing  agent 
and  polyethylene  was  an  important  problem  for 
obtaining  highly  expanded  insulation.  It  is  well 
known  that  azodicarbonamide  and  p,  p’-oxybis 
(benzene  sulfonyl  hydrazide)  are  the  most  pre- 
ferable chemical  blowing  agents.  On  the  prelimi- 
nary extrusion  test  for  the  core  of  a microcoaxial 
cable,  the  comparison  of  both  chemical  blowing 
agents  described  above  was  carried  out  employing 
commercially  available  low  density  polyethylene 
for  wire  insulation.  The  conductor  diameter  and 
the  overall  diameter  of  the  insulation  were  0.73mm 
and  3-lmm,  respectively.  As  a result  of  the  test, 
it  was  shown  that  azodicarbonamide  has  fine  cell 
structure,  hitler  expansion,  and  a smoother  insu- 
lation surface.  The  result  of  this  test  suggest- 
ed that  azodicarbonamide  should  be  selected  for 
this  purpose. 

Following  the  selection  of  the  chemical 
blowing  agent,  three  kinds  of  polyethylene  com- 
pounds with  2$  azodicarbonamide  content  were 
evaluated.  The  results  are  shown  in  Table  1, 
illustrating  that  resin  A gives  the  most  desira- 
ble expansion  and  cell  structure.  In  Table  1, 
resin  B and  resin  C are  low  density  polyethylene 
(LDPE)  and  hi$i  density  polyethylene  (HDPE),  res- 
pectively, now  in  use  in  our  company  as  insulation 
for  telecommunication  cables.  Resin  A is  a spe- 
cially formulated  polyethylene  compound,  which  is 
comprised  of  LDPE  with  unique  arrangement  of  side 
chains  and  some  amounts  of  polypropylene. 

The  polypropylene  is  mixed  to  obtain  fine  cell 
structure,  to  increase  the  mechanical  strength  of 
expanded  insulation  and  to  improve  the  extrud- 
ability  of  the  LDPE.  Based  on  additional  experi- 
ments, it  was  found  that  the  addition  of  polypro- 
pylene of  20  - 30%  exhibited  the  best  performance. 

Figure  1 shows  the  relationship  between 
expansion  rate  and  blowing  agent  concentration  in 
the  case  of  resin  A.  In  the  extrusion  test,  tem- 
perature profile  of  extruder,  die  design,  and  pre- 
heating condition  of  conductor  were  kept  constant 
in  all  runs.  By  observing  Figure  1,  it  was  fina- 
lly decided  that  the  best  concentration  of  azo- 
dicarbonamide is  1.4$. 
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Table  1.  Properties  of  polyethylene 


-^_Jtaterials 

Items  — — 

Resin  A 
(New  Material) 

Resin  3 

Resin  C 

Remarks 

Density  (g/cm3) 

0.916 

0.920 

0.945 

ASTM-D-1505 

Melt  Index  (g/lO  min.) 

1.4 

0.21 

0.45 

ASTM-D-1238 

Expansion  Rate  (%) 

67 

60 

51 

Specific 

Grarity  Method 

Cell  Structure 

Fine 

Coarse 

Coarse 

Note:  Conductor  diameter  : 0.73  mm 

Insulation  diameter  : 3.1  mm 

Chemical  blowing 

agent  : Azodicarbonamide  2.0$ 


Stock  temperature  (°C) 

Exit  diameter  of  die 


Figure  1.  Effect  of  blowing  agent 

concentration  on  expansion  rate 


2-2  Extruder  and  die 


Figure  2.  Effect  of  the  exit  diameter 
of  die 


The  conventional  extruder  was  applied  to  pro- 
duce the  core  of  microcoaxial  cable.  The  diameter 
and  L/D  of  the  screw  are  65  mm  and  24,  respective- 
ly. The  die  was  the  same  as  that  for  solid  insu- 
lation except  that  it  was  designed  so  the  exit 
diameter  of  the  die  would  be  as  small  as  possible 
in  order  to  release  the  pressure  of  the  polymer  in 
die  suddenly,  producing  high  expansion.  Figure  2 
illustrates  the  effect  of  die  diameter  on  expan- 
sion rate,  with  changing  stock  temperature. 


2-3  Temperature  profile 


The  melt  viscosity  of  molten  polyethylene 
affects  the  expansion  rate  and  cell  structure. 
Therefore,  the  temperature  at  the  front  end  of 
the  extruder  was  set  lower  so  as  to  increase  the 
melt  viscosity.  Table  2 shows  the  most  preferable 
temperature  profile  for  producing  the  maximum 
expansion  rate. 


I 


Table  2.  Temperature  profile 


Feed  zone 

Compression  zone 

Metering  zone 

Crosshead 

Die 

1 

2 

175°C 

188°C 

213°C 

182°C 

160°C 

160°C 

2-4  Condijctor_j>re^ieating 

The  conductor  pre-heating  temperature  also 
affects  the  expansion  rate  and  cell  structure  of 
the  insulation.  Figure  3 shows  the  effect  that 
pre-heating  temperature  has  on  expansion  rate. 

The  pre-heating  temperature  of  110  - 120°C  was 
selected  for  suitable  condition.  According  to  the 
microscopic  observation  of  the  insulation,s  cross 
section,  it  was  found  that  the  cell  structure  of 
the  core  extruded  at  a pre-heating  temperature 
over  130  C was  very  coarse. 


Conductor  pre-heating 
temperature  (°C) 

Figure  3.  Effect  of  pre-heating  temperature 
on  expansion  rate 

3.  Cable  Manufacturing 

3-1  Comparison  of  single  layer  and  double 
layer  insulation 

Two  trial  types  of  microcoaxial  cables  shown 
in  Table  3 were  manufactured.  The  construction  of 
the  cables  was  designed  so  as  to  obtain  the  same 
attenuation  constant  as  that  of  the  cable  with  an- 
ai r-dielectric-type  insulation,  which  was  composed 
of  polyethylene  string  helically  wound  around  the 
inner  conductor  and  polyethylene  pipe  covered  over 
the  polyethylene  string.  The  double  layer  insula- 
tion was  formed  of  a solid  polyethylene  layer  over 
the  expanded  polyethylene.  It  was  produced  in 
older  to  compare  the  capacitance  chimge  of  its  core 
— after  extruding,  after  braiding  copper  wires,  and 
after  sheathing  with  polyvinyl  chroride  (PVC)  com- 
pound— with  that  of  the  single  layer  insulated 
core.  The  foaming  extrusion  conditions  such  as  the 
formulation  of  polyethylene  and  temperature  pro- 
file, etc.  were  the  same  as  those  for  single  layer 
insulation. 


Table  3-  Cable  core  design 


Type 

Items 

Single 

Layer 

Insulation 

Double 

Layer 

Insulation 

Diameter  of  Inner 

Copper  Conductor,  mm 

0.73 

0.73 

Insu- 

lation 

Inner 

Insu- 

lation 

Material 

New 

Material 

New 

Material 

Diameter, 

mm 

3.1 

2.9 

Dielect- 

ric 

Constant 

1.39 

1.36 

Outer 

Insu- 

lation 

Material 

HDPE 

Thick- 

ness, 

mm 

- 

0.10 

Outer  Diameter, 
mm 

3.1 

3.1 

Dielectric 

Constant 

1.39 

1.39 

Outer  Conductor 

Braided  Copper 

Wi  res 

Jacket 

Material 

PVC  compound 

Outer  Dia- 
meter, 1 mm 

5.0 

5.0 

In  the  extrusion,  the  capacitance  of  the  double 
layer  insulation  was  controlled  within  £ 0.5  pF/m 
at  line  speeds  of  300  m/min.  compared  with  £ 1 pF/m 
of  the  single  layer  insulation.  The  fluctuations 
of  capacitance  are  shown  in  Figure  4.  The  change 
of  capacitance  after  braiding  copper  wires  and 
subsequently  sheathing  PVC  compound  is  shown  in 
Figure  5,  illustrating  that  the  double  layer  in- 
sulation exhibits  a more  preferable  performance. 
The  decrease  of  capacitance  in  double  layer  insu- 
lation after  braiding  occurs  as  a result  of  the 
space  gap  between  the  core  and  braided  copper 
wires. 

In  the  case  of  single  layer  insulation,  the  capa- 
citance change  in  the  core  after  braiding  is 
attributed  to  the  deformation  of  the  insulation 
by  the  braided  copper  wires.  It  is  clear  that 
the  mechanical  strength  of  double  layer  insulation 
was  improved  enough  to  cause  no  capacitance  change 
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Change  of  capacitance,  pF/r 


Single  layer  insulation 


Cross  section  of  double 
layer  insulation 


3-2  Properties  of  new  microcoaxial  cable 


Table  4 shows  the  electrical  properties 
and  cable  structure  of  microcoaxial  cables  with 
hi$ily  expanded  polyethylene  insulation  (3C-SVF), 
an  air-dielectric-type  insulation  (3C-PV),  and 
solid  polyethylene  insulation  (4C-2V).  The  outer 
conductor  is  composed  of  braided  copper  wires  and 
sheathed  by  PVC  compound.  The  cable  deei^i  of 
3C-SVF  and  3C— PV  is  the  same  and  the  attenuation 
constant  of  these  cables  is  nearly  equal.  The 
cable  which  has  the  same  attenuation  constant  as 
3C-SVF  is  the  solid  polyethylene  insulation  type, 
4C-2V.  The  relationship  of  attenuation  constant 
and  frequency  for  3C-SVF  is  Bhown  in  Figure  7 • 

The  cable  weight  of  3C-SVF  can  be  reduced  to 
approximately  90$  of  3C-PV  and  to  63$  of  4C-2V. 


Double  layer  insulation 


Figure  4.  Fluctuations  of  capacitance 


Double  layer  insulation 


After 


After 

extruding  braiding  sheathing 


50  100  500  1< 

Frequency,  MHz 

3C-SVF:  Attenuation  constant 
vs.  frequency 


Figure  5*  Change  of  capacitance  during 
cable  making 


Table  4.  Cable  structure  and  electrical  properties 


Cable  Structure 

Items  

Diameter  of  Inner  Copper  Conductor,  mm 

3C-SVF 

0.73 

3C-PV 

0.73 

4C-2V 

0.65 

Insulation 

Material 

Highly  Expanded 
Polyethyl ene 
(Expansion  Rate 

65$) 

Ai  i>-Dielect  ric- 
Type 

Solid  Poly- 
ethylene 

Outer  Diameter,  mm 

3.1 

3.1 

4.0 

Outer 

Conductor 

Material 

Braided  Copper  Wires 

Jacket 

Material  . , 

PVC  Compound 

Outer  Diameter,  mm 

5.0 

5.0 

6.4 

Cable  weight 

kg/km 

36 

40 

57 

0) 

Cable  Capacitance,  nF/km 

52 

53 

67 

-p 

& 

Characteristic  Impedance  at 

a 

o 

10  MHz, a 

75 

75 

75 

a 

3 

Attenuation  Constant  at  10  MHz 

29 

30 

30 

•H 

U 

-P 

at  100  MHz 

98 

110 

113 

0) 

at  1000  MHz 

350 

360 

370 

Permittivity 

at  20°C 

1.38 

1.39 

2.30 

j 


Several  physical  properties  were  tested. 
Minimum  bending  radius 

The  bending  radius  is  defined  as  the 
minimum  bending  radius  when  V.S.W.R.  is  not 
changed  by  a bend  in  the  cable. 

Pull-out  strength  between  the  inner  conduc- 
tor and  the  insulation 

The  inner  conductor  was  pulled  out  from 
the  insulation  by  the  tension  tester.  The 
magnitude  of  the  strength  was  recorded  on 
the  chart  and  the  maximum  strength  read. 

The  cable  sample  was  50  mm  long. 

Flexibility 

Flexibility  is  evaluated  as  the  drooped 
distance  (H)  of  the  free  end  with  a 10  g 
weight  attached,  as  shown  in  Figure  8. 
Shrinkage  after  heat  cycle  test 

Cables  were  submitted  to  a heat  te3t  in 
an  oven.  The  temperature  was  programmed 
from  60°C  to  -20°C  at  6 hours/cycle.  After 
the  exposure  for  30  cycles,  the  shrinkage 
of  the  insulation  from  the  end  of  the  outer 
conductor  was  measured.  The  cable  sample 
was  50  cm  long. 

The  test  results  are  listed  in  Table  5-  3C- 
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SVF  is  superior  to  3C-PV  and  is  most  excellent  in 
flexibility. 


3-2-3  Aging  properties 

Table  6 shows  the  maximum  change  ratio  of 
attenuation  constant  after  aging  in  the  frequency 
range  of  1 - 800  MHz. 


internal  wiring  of  electronics  equipment,  and 
other  purposes. 


» 


(a)  Resistance  to  heat 

Cables  were  put  in  an  oven  at  98  C for 
20  days.  Then  the  attenuation  constant  of 
the  cables  was  measured. 

(b)  Resistance  to  water  immersion 

Cables  were  exposed  in  70  C water  for 
20  days. 

(c)  Resistance  to  heat  cycle 

Heat  cycle  test  was  performed  in  an  oven 
as  described  3-2-2  (d). 

Cables  were  exposed  for  40  cycles. 

The  results  of  the  tests  show  that  the  pro- 
perties of  3C-SVF  are  superior  to  3C-PV  and  equal 
to  4C-2V. 


Table  5.  Physical  properties 


Type 

Items 

3C-SVF 

3C-PV 

4C-2V 

Minimum  bending 
radius,  mm 

19 

21 

15 

Pull-out  strength 
between  inner 
conductor  to 
insulation,  kg/50mm 

3.2 

1.6 

10.0 

Flexibility,  mm 

120 

95 

80 

Shrinkage  after  heat 
cycle,  mm 

5 

11 

1 

5.  Conclusirai 

An  extrusion  technique  of  hi ghly-expanded 
polyethylene  by  a chemical  blowing  method  has 
been  developed  and  applied  to  microcoaxial  cables 
with  diameter  of  insulation  smaller  than  about 
3 mm.  In  thi3  process,  a specially  formulated 
polyethylene  in  combination  with  a conventional 
chemical  blowing  agent  are  used.  The  new  cable 
insulated  by  a foamed  polyethylene  with  about  65$ 
expansion  has  excellent  properties  when  compared 
to  conventional  cables.  This  new  method  makes 
it  possible  to  produce  various  types  of  micro- 
coaxial  cables. 
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Table  6.  The  change  ratio  of 

attenuation  constant  in 
aging  test 


Type 

Items 

3C-SVF 

3C-PV 

4C-2V 

Resistance  to  heat,  % 

18 

245 

15 

Resistance  to  water 
immersion,  % 

34 

290 

20 

Resistance  to  heat 
cycle,  % 

4 

65 

5 

4.  Ag£lication_^f_the_new_matenal_^o_other_cable£ 

The  new  extrusion  technique  of  hi^ily  expand- 
ed polyethylene  is  applicable  to  the  manufacture 
of  various  types  of  cables.  Table  7 shows  examples 
of  other  highly  expanded  polyethylene  insulated 
cables.  The  three  cables  shown  in  Table  7 have 
low-capacitance.  7/0.128-PEFXSV  meets  UL  Specifi- 
cation "FR-1"  regarding  the  flame  retard ancy. 
1.5C-SXV  and  7/0.128-PEFXSV  fulfill  the  require- 
ments specified  in  UL  style  1550  and  1691,  respec- 
tively. These  cables  can  be  used  for  MATV  systems, 
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Table  7.  Structures  and  properties  of  highly  expanded  PE  insulated  cable 


' — Type 

Items  " 

1.5c  - sxv 
(Coaxial  cable) 

7/0.128  - PEFXSV 
(Shielded  cable) 

7/0.1  - PEFXSV 
(Shielded  cable) 

Inner  Conductor 

Material 

Copper 

Tin-coated  Copper 
Wire 

Copper-alloy 

Strand 

1 

7/0.128 

7/0.10 

Diameter,  mm 

0.40 

0.38 

0.32 

Inner  Insulation 

Material 

Highly  Expanded  PE 
(Expansion  Rate  61%) 

Highly  Expanded  PE 
(Expansion  Rate  60%) 

Highly  Expanded  PE 
(Expansion  Rate  61%) 

Diameter,  mm 

1.6 

0.8 

2.3 

Outer  Insulation 

Material 

HDPE 

PVC 

HDPE 

Thickness,  mm 

0.05 

0.1 

0.1 

Outer  Diameter  of  Insulation 

1.7 

1.0 

2.5 

Irradiation  of  Insulation 

Irradiate 

Irradiate 

Irradiate 

Outer  Conductor 

Material 

Braided 

Copper  Wires 

Tin-coated  Copper 
Wires 

(Spiral  Wrapped) 

Tin-coated  Copper 
Wires 

(Spiral  Wrapped) 

Diameter,  mm 

2.2 

1.2 

2.7 

Jacket 

Material 

PVC 

PVC 

PVC 

Diameter,  mm 

3.0 

1.7 

3.8 

Dielectric  Strength,  0.5  KV  ms, 

1 min 

Passed 

Passed 

Passed 

Insulation  Resistance,  Megohms/km 

> 1,000 

> 1,000 

> 1,000 

Capacitance,  pF/m,  at  1 KHz 

51 

100 

37 

Use 

MATV  systems, 

Internal  wiring  of 

Tl,  audio  machine, 
etc. 

Internal  wiring 
of  audio  machine 
and  other 
electronics 
equi  pment 

Accessary  code 
connected 
between  amplifier 
and  player 
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CABLE  AND  COUPLING  DEVICE  FOR  TELECOMMUNICATION  TRANSMISSION 
IN  HIGH-VOLTAGE  POWER  LINE  NETWORKS 

S.  BrUggendieck 

Pelten  ft  Guilleaume  Carlawerk  AG 
Cologne,  West  Germany 


Summary 

An  overhead  communication  power  line 
system  has  been  developed  for  the 
transmission  of  carrier  channels  in 
high-voltage  overhead  line  networks. 

It  combines  a phase  conductor  with  a 
telecommunication  cable  in  one  unit. 

At  the  ends  of  the  transmission  line 
a coupling  device  provides  inductive 
connection  of  the  telecommunication 
facilities  on  the  low-voltage  side. 

A number  of  trial  lengths  have  been 
installed  in  the  20  kV  overhead  line 
network.  The  results  of  the  field 
measurements  and  the  problems  of  inter- 
ference  are  considered  in  detail. 

Finally,  the  economic  aspects  of  the 
new  telecommunication  system  in  power 
line  networks  are  discussed  with 
special  reference  to  its  advantages  in 
the  20  kV  overhead  line  network. 

1 . Introduction 

The  supply  of  electrical  energy  by 
high-voltage  power  lines  for  large  are- 
as is  so  extensive  that  a comprehensive 
telecommunication  network  has  become 
indispensable  for  operational  purposes. 

Besides  telephone  calls  data  and  remote- 
control  signals  for  the  automatic  con- 
trol of  the  networks,  for  monitoring 
the  system  and  localization  of  trouble 
in  the  power  supply  have  to  be  transmit- 
ted. Depending  on  the  telecommunication 
requirements  of  the  network  the  follow- 
ing transmission  systems  have  been  used 
up  to  now: 

- radio  link 

- power  line  carrier-frequency 

system 

- self-supporting  aerial  telecommuni- 
cation cables 

- buried  telecommunication  cables 


The  first  two  transmission  methods  offer 
economic  advantages  over  long  distances 
such  as,  for  instance,  in  high-voltage 
power  line  networks  for  110  kV  and  above. 
However,  they  are  not  suitable  for  the 
medium  voltage  networks  with  nominal 
voltages  from  20  kV  and  medium  distances 
of  about  10  km  on  account  of  the  numer- 
ous branch  lines. 

Self-supporting  aerial  telecommunication 
cables  mounted  on  the  pylon  hangers, 
either  as  earth  conductor  or  otherwise, 
meet  the  requirements  for  economic  trans- 
mission of  information  in  the  medium- 
voltage  network.  The  necessary  separation 
to  the  phase  conductors  and  the  additio- 
nal strain  on  the  pylons  caused  by  self- 
supporting  cables,  however,  often  involve 
elaborate  measures  for  the  hangers. 
Subsequent  installation  on  existing, 
often  older  overhead  lines  can,  there- 
fore, mean  considerable  difficulties. 

For  the  medium-voltage  networks  an 
economic  transmission  of  information 
within  a phase  conductor  of  the  high-  1 
voltage  overhead  line  has  been  developed. 
It  is  known  as  the  phase  conductor  tele- 
communication cable. 

2.  Description  of  the  System 

The  basic  design  of  an  overhead  communi- 
cation power  line  is  given  in  Figure  1 . 
The  most  important  components  in  this 
transmission  system  are  the  phase  con- 
ductor telecommunication  cable  and  the 
coupling  device.  The  cable  consists  of  a 
combination  of  a phase  conductor  with  a 
star  quad  in  its  core.  The  wires  of  the 
phase  conductor  forming  the  armouring 
over  the  core  conduct  the  high-voltage 
power.  The  construction  of  the  phase 
conductor  telecommunication  cable  can  be 
adapted  in  design  to  all  phase  conductor 
types  so  that  the  new  cable  assumes  both 
the  mechanical  and  electrical  functions 
of  the  phase  conductor.  It  is  installed 
instead  of  one  of  the  phase  conductors 
on  the  pylons  of  the  overhead  power  line. 
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phase  conductors 


coupling 

device 


Overhead  Telecommunication  Power  Line  Network 


The  coupling  devices  at  the  ends  of  the 
cable  permit  low-loss,  trouble-free  trans- 
mission of  telecommunication  signals  and 
guarantee  the  reliable  protection  of  the 
operating  personal  and  the  telecommuni- 
cation equipment  against  high-voltage 
influence.  In  the  20  kV  medium-voltage 
network  the  coupling  devices  consist  essen- 
tially of  high-voltage  transformers  which 
isolate  the  high-voltage  potential  of  the 
overhead  line  from  the  earth  potential  of 
the  telecommunication  equipment.  The  volt- 
age strength  requirements  for  this  cou- 
pling tevice  are,  therefore,  particularly 
stringent.  It  must  also  be  capable  of 
transmitting  at  minimal  attenuation  a 
frequency  band  up  to  at  least  120  kHz  for 
12  channel  carrier- frequency  systems 
(Z  12). 


attenuation  of  the  coupling  devices  at 
either  end  of  the  transmission  line  and 
for  by-passing  circuit  breakers  along 
the  route. 

Figure  2 shows  an  example  of  the  con- 
struction of  a cable  in  a 20  kV  overhead 
power  line  system,  adapted  to  the  con- 
ventional Al/St  95/15  phase  conductor 
according  to  DIN  48  204. 
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Phase  Conductor  Telec ommunicati on 


3.1 . Cable  Design  and  Electrical 


A compromise  had  to  be  found  in  the  dimen- 
sions of  the  cable  regarding  the  low 
attenuation  and  small  cable  cross- 
section  requirements,  so  that  the  cable 
can  conform  in  its  outer  dimensions  to 
the  other  phase  conductors. 

For  a maximum  transmission  distance  of 
15  km  the  attenuation  of  the  route  must 
be  only  about  60  dB  at  108  kHz  for  the 
12-channel  carrier-frequency  system  7.  12 
or  50  dB  at  48  kHz  for  the  4-channel 
carrier  frequency  system  Z 4,  newly  deve- 
loped by  FAG-TEKADE.  This  attenuation 
requirement  can  be  easily  met  with  0.9  mm 
copper  conductors.  This  also  includes 
adequate  reserve  for  the  transformer 


As  is  shown  in  Figure  2,  the  cable  con- 
sists of  a star  quad  with  0.9  mm  PE- insu- 
lated copper  conductors.  Plastic  tapes 
are  wrapped  over  the  star  quads.  The  core 
is  protected  by  a PB-sheath  of  2 mm  thick- 
ness. An  0.2  am  aluminium  tape  is  wrapped 
over  the  sheath  in  order  to  improve  the 
transmission  characteristics.  The  armour- 
ing consists  of  11  3.3  mm  aluminium 

alloy  wires  and  three  3.3  mm  Alumoweld 
wires. 


phase  conductor/ 
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Figure  3.  Attenuation  oC  of  the  0.9  mm 
star  quad,  t = 20°C 

Particular  importance  must  be  attached  to 
minimize  pair-to-ground  capacitance  unba- 
lances of  the  star  quads,  in  order  to 
prevent  any  external  interference.  The 
crosstalk  between  the  side  circuits  of  the 
quads  is  not  critical  due  to  the  segre- 
gated band  system  on  two  wires  and  the 
short  sections.  In  normal  cable  production 
the  stipulated  values  can  be  easily  adhe- 
red to. 

The  high-voltage  requirements  on  the  phase 
conductor  telecommunication  cable  are  the 
same  as  those  for  the  phase  conductors. 
Special  attention  must  be  given,  however, 
to  their  influence  on  the  star  quad  and  in 
the  selection  of  the  material  for  the 
telecommunication  core. 

The  thermal  short-circuit  strength 
required  by  VDE  0103  ‘ means  a significant 
temperature  rise  inside  the  cable  core. 
Tests  on  the  thermal  short-circuit  strength 
have  yielded  the  temperature  curve  given 
in  Figure  4 for  the  phase  conductor  and 
star  quad. 
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Figure  4.  Temperature  of  the  Core  and  the 
Armouring  after  loading  with 
short-circuit  Current 


istics  of  the  Cable 

A.  Power  Transmission  at  50  Hz 


resistance  of  armouring 

0, 3 Ohm/km 

long-term  current  loading 
at  final  rope  temperature 
-6e  = 80°C 

340  A 

short-term  current  at  final 
rope  temperature  <3  E = 160°C 

7 kA 

screening  factor 

0,39 

dielectric  strength 
conductor/ conductor 
core/armouring 

3 kV  (10  i 
20  kV  (10 

impulse  withstand  voltage 
(waveform  1.2/50^us) 

120  kV 

B.  Telecommunication  Transmission  up  to 
126  kHz  of1  the  Quad  at  2boc 


insulation  resistance 

£ 

10  GOhm  • km 

loop  resistance 

£ 

56.6 

Ohm/ km 

mutual  capacitance 

(800  Hz) 

45  nP/km 

attenuation^  at  108  kHz 

< 

2,9 

dB/km 

impedance  Z at  108  kHz 

= 

135 

Ohm 

near-end  crosstalk  Sq 

£ 

65 

dB 

far-end  crosstalk  af-a 

£ 

65 

dB( 1 km) 

Table  2 

Mechanical  properties  of 

the 

Cable 

Unit 

Phase  Cor 
with 
telecom, 
core 

iductor 

outer  diameter 

mm 

18,4 

13,6 

weight 

kg/m 

0,570 

0,383 

max.  tensile 

strength 

N 

18720  . 

13160 

every  day  stress 

H 

5768 

3982 

calculated  break 

- 

ing  load 

58100 

35750 

Table  1 lists  those  electrical  properties 
which  are  decisive  for  the  operation  of 
the  phase  conductor  telecommunication 
cable.  The  relevant  rope  requirements  are 
given  in  Table  2 in  comparison  with  the 
Al/st  95/15  phase  conductor. 


Owing  to  the  thermal  stress  of  the  cable 
in  the  event  of  a short-circuit  high- 
density  polyethylene  was  chosen  for  the 
insulation  of  the  star  quad  conductors  and 
the  sheath.  These  bare  Cu-conductors  are 
tinned  in  order  to  eliminate  any  possibility 
of  catalytic  oxydation  of  the  insulation  at 
higher  operating  temperatures. 

The  construction  of  the  cable  over  the 
communication  core  is  determined  by  rope 
requirements,  whereby  it  must  be  remem- 
bered that  the  cross  section  of  the 
armouring  wires  must  have  the  same  con- 
ductance as  the  other  two  phase  conductors 
of  the  overhead  power  line.  This  provides 
balance  of  the  three-phase  system. 

3.2  Accessories  and  JointB 

Preformed  dead  ends  normally  used  for 
self-supporting  aerial  cables  are  also 
used  for  this  cable.  These  fittings  mini- 
mize the  surface  pressure  on  the  cable 
and  provide  protection  against  damage  due 
to  vibrations. 

The  joints  of  the  phase  conductor  tele- 
communication cable  (Figure  5)  are  instal- 
led in  the  strain-relieved  current  loops 
of  the  anchoring  mast. 
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Figure  5.  Joint  of  Phase  Conductor 
Telecommunication  Cable 


The  telecommunication  cores  are  connected 
with  solder  joints  which  are  protected 
against  moiBture  by  a lapping  of  self- 
welding plastic  tapes.  This  guarantees  the 
strength  of  the  star  quad  against  the  phase 
conductor.  A shrink  hose  over  the  lapping 
provides  the  mechanical  protection  for  the 
telecommunication  splice.  The  galvanic 
joint  is  resistant  to  short-circuits  and 
continuous-current.  It  consists  of  two 
clamps  normally  used  in  overhead  line 
systems,  which  are  joined  by  a solid  alumi- 
nium bar.  This  means  the  joint  ia  also 
mechanically  stabilized. 


4.  Coupling  Device 

The  telecommunication  quad  in  the  overhead 
communication  power  line  has  the  high-volt- 
age potential  of  the  phase  conductor  when 
in  service.  At  the  ends  of  a transmission 
line  a coupling  device  is  required  which 
galvanically  isolates  the  telecommunication 
equipment  lying  at  earth  potential  from 
the  high-voltage  potential  of  the  overhead 
communication  power  line.  The  coupling 
device  must  also  guarantee  the  transmission 
with  the  lowest  possible  attenuation. 

4.1  Construction 

The  construction  of  the  coupling  device 
is  shown  in  Figure  6.  The  coupling  device 
incorporates  two  high-voltage-proofed 
toroidal  transformers  for  the  inductive 
coupling  to  the  two  side  circuits  of  the 
star  quad  in  the  phase  conductor  tele- 
communication cable.  The  transformer 
centre  taps  on  the  low-voltage  side  are 
earthed. 


Figure  6.  Basic  Construction  of  the 
20  kV  Coupling  Device 


There  is  no  connection  of  the  telecommuni- 
cation core  to  the  high-voltage  potential 
of  the  phase  conductor,  as  otherwise  the 
conductors  of  the  star  quad  would  be 
connected  parallel  to  the  phase  conductor 
and  in  conformity  with  their  resistance 
would  carry  part  of  the  50  Hz  high-voltage 
current.  The  inevitable  non-permissible 
high  heating  of  the  telecommunication  star 
quad  must,  however,  be  avoided. 

In  the  initial  designs  of  the  coupling 
device  transformer  insulating  oil  was  used. 
A cast  resin  encapsulated  design  has  mean- 
while been  developed,  which  has  advantages 
in  regard  to  weight,  installation  and 
service  reliability.  Cycloaliphatic  cast- 


resin  used  as  insulation  is  very  resistant 
to  atmospheric  influences.  The  coupling 
device  is  therefore  suitable  for  outdoor 
and  indoor  use.  In  its  high-voltage  design 
it  corresponds  essentially  to  an  outdoor 
20  kV  current  transformer. 


ation  at  very  low  frequencies  is  accept- 
able, as  the  attenuation  of  the  cable 
decreases  the  lower  the  frequency  and  thus 
compensates  the  transformer  attenuation  to 
a certain  extent. 


4.2  Transmission-  and  High-Voltage 


The  coupling  device  meets  all  the  high- 
voltage  requirements  stipulated  in 
VDE  0414  the  standard  for  the  corresp 
onding  current  transformer. 

Table  3 lists  the  high-voltage  and  tele- 
communications data  of  the  cast-resin 
encapsulated  coupling  device. 


Table 


Electrical  and  Mechanical  Properties 


nominal  voltage  20  kV,  5< 

dielectric  strength  55  kV,  5< 

1 min 

impulse-withstand- 

voltage  125  kV  4.3  Installation  of  the  Coupling  Device 

(waveform  1,2/  ' " ‘ 

50yus)  The  coupling  device  is  usually  mounted  on 

' the  hangers  of  the  final  pylon.  During 

145  kV  (cut-  installation  the  overhead  communication 

off  waveform)  power  line  is  lead  into  the  head  of  the 

ionisation  voltage  >14  kV  coupling  device  in  a waterproof  manner 

and  connected  to  the  connecting  terminals 
of  the  high-voltage  winding  of  the  two 

Attenuation  transformers.  The  ends  and  centre  tap  of 

the  two  low-voltage  windings,  joined  to 
the  terminals  of  the  terminal  box,  are 
connected  to  the  insulated  conductors 
of  the  outgoing  telecommunication  cable 
or  earth. 

Although  appropriate  measures  were  taken 
in  the  construction  of  the  coupling  unit 
so  that  in  the  unlikely  case  of  a voltage 
breakdown  this  can  only  occur  to  earth, 
isolating  transformers  must  be  provided 
as  additional  protection  directly  in  front 
of  the  telecommunication  equipment. 

In  addition  to  coupling  devices  at  the 
ends  of  the  routes  they  are  also  required 
at  both  sides  of  any  circuit  breakers  in 
the  phase  conductor  line,  as  during 
switching  or  work  on  the  line  the  phase 
conductor  and  telecommunication  conductor 
In  order  to  use  as  many  channels  as  possible  must  be  put  at  equal  and  defined  poten- 
the  coupling  device  must  be  able  to  transmit  tial. 
at  least  carrier-frequency  systems  up  to 

120  kHz.  Transmission  in  the  audio-  5.  Field  Tests 

frequency  range  should  also  be  possible.  T . ..  . 

i j —a  r in  autyjjjj  1976  the  first  overhead  communi- 

Realization  of  these  requirements  with  ca*ion  P°?®r  line  system  in  the  20  kV 

due  allowance  for  the  high-voltage  aspects  medium-voltage  network  was  taken  into 

led  to  a transformer  with  a frequency  eha-  aarv£ce  on  f 5 km  route  of  the  Badenwerk 

racteristic  of  the  attenuation  as  given  in  V®f*?US  reasons,  this  route  con- 

figure 7.  The  marked  increase  in  the  attenu-  sists  of  nine  anchor  sections  and  termi- 


Figure  7.  Attenuation  of  the  Coupling 
Device 


carrier-frequency  band  (Z  = 150  Ohm) 

Z4  - system  12  kHz-  48  kHz  <1  dB 
Z12  - system  6 kHz-  108  kHz  <1  dB 


audio-frequency  band  (Z  = 600  Ohm) 
at  1 kHz  <4 

crosstalk  attenuation  between 
the  two  transformers 
(0.3  ...  120  kHz)  = 85 

transformation  ratio  1 : 

weight  46 

total  height  520 

overall  diameter  340 


nates  at  both  and a at  cable  terminal 
pylons.  The  overhead  communication  power 
line  wee  installed  in  lengths  of  about 
1000  to  1450  m at  a rate  of  60  m/min.  The 
overhead  communication  power  line  was  trea- 
ted as  a phase  conductor  of  corresponding 
diameter  in  regard  to  installation  tech- 
nique, equipments  and  tools.  Joints  were 
installed  on  three  anchor  pylons.  The 
coupling  equipment  is  mounted  on  consoles 
at  the  terminal  pylons  near  to  the  ancho- 
rings. Before  the  coupling  equipment  was 
switched  on  the  usual  electrical  d.c. 
tests  were  carried  out  on  the  installed 
phase  conductor  telecommunication  cable 
without  the  coupling  device. 

When  the  route  was  completed  by  instal- 
ling the  coupling  devices  transmission 
tests  were  then  carried  out  with  the 
system  in  operation  (20  kV,  50  Hz). 

Por  the  effective  attenuation  of  the 
system  the  frequency  characteristic  at 
the  lower  LP-frequency  band  edge  is 
essentially  determined  by  the  coupling 
device  and  at  the  upper  frequency  band 
edge  by  the  cable: 

at  300  Hz  : a = 17  dB 
at  108  kHz:  a = 16  dB 

The  near-  and  far-end  crosstalk  at  values 
above  70  dB  are  so  good  that  balancing 
measures  were  not  necessary. 

The  noise  voltage  was  measured  at 
<0.03  mV  with  a psophometer.  The  limit 
value  in  the  public  network  lies  at  < 2 mV. 

The  interference  on  the  route  does  not 
show  any  value  below  70  dB  during  selective 
measurement  in  the  frequency  range  up  to 
120  kHz  (Figure  8). 

In  general  the  noise  level  depends  essen- 
tially on  local  conditions  and  should  be 
checked  before  the  route  is  taken  into 
service.  Particularly  in  the  case  of 
carrier-frequency  transmission  on  high- 
voltage  systems  along  parallel  routes  the 
interference  level  on  the  overhead  communi- 
cation power  line  must  be  measured. 

Besides  this  route  eight  others  have  mean- 
while been  taken  into  service.  Their  per- 
formance has  been  very  satisfactory. 

6.  Influence  Hazards 

Owing  to  its  more  exposed  installation 
this  new  type  of  transmission  system  is 
at  a greater  risk  from  electromagnetic 
influence  and  interference. 


noitw  l*v#J  /di 


Figure  8.  Measured  Noise  Levels  on  an 
Installed  Route  (Length:  5 km) 

6.1  Influence  on  the  overhead  Communica- 
tion Power  Line  during  a ShorF^ 

Circuit 

In  studying  power  current  influence  of 
the  telecommunication  core  the  double 
pole  earth  short-circuit  must  be 
considered  for  the  20  kV-network  without 
rigid  star  point  earthing. 

According  to  the  equivalent-circuit  dia- 
gram (Figure  9)  the  voltage  stress  caused 
by  the  initial  double  short-circuit 
current  I'keK  is 


■ 1KEE 

(R+jwLe) .1 

Ue 

= IKEE 

• 1 

Ua 

= IKEE 

R • 1 

length  I 

: — — .5  r 

\ 


Figure  9.  Short-Circuit  Conditions  in  a 
20  kV-line  network 
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As  the  core/earth  circuit,  which  is  influ- 
enced, is  inductively  very  closely  coupled 
to  the  armouring/earth  circuit  causing  the 
influence,  the  mutual  inductance  M is  equi- 
valent to  the  earth  circuit  inductance  Lg. 
The  core/earth  voltage  is  thus 

UE  = IKEE  i.w  I>E  . 1 

If  the  ratio  Ua/Um  is  given,  the  screen- 
ing factor  r of  the  cable  is 


UM  jwtiE 

This  yields  for  the  voltages: 


to  earth  at  the  next  pylon,  due  to  the 
surge  withstand  voltage  of  the  20  kV- 
isolators.  Thus  the  voltage  is  reduced 
to  the  value  given  by  the  lightning  current 
and  earth  resistance  of  the  pylon.  The 
lightning  current  is  therefore  essentially 
reduced  at  these  flashover  points. 

The  effects  of  the  lightning  in  the  influ- 
enced armouring/core  circuit  correspond 
essentially  to  those  when  lightning 
strikes  a cable  which  is  earthed  at  given 
distances.  The  lightning  current  causes  a 
voltage  drop  on  the  phase  conductor.  This 
drop  occurs  on  the  inside  of  the  armouring 
and  leads  to  a breakdown  between  core  and 
armouring  if  the  impact  breakdown  voltage 
is  exceeded. 


UA  = UM  • r 
Ue  = % . ( 1-r) 

For  the  20  kV  medium-voltage  network  is 
UM  = 20  kV 

With  a screening  factor  of  r = 0, 17-jO, 38 
for  the  phase  conductor  telecommunication 
cable  the  following  voltages  can  be  cal- 
culated: 

co re/ armouring:  UA  3 8 kV 

core/earth  : Ug  = 18  kV 


A so-called  quality  factor  g has  been 
defined  for  cables  which  indicates  how 
far  a definite  lightning  current  can  pass 
through  the  cable  without  causing  a break- 
down: 


Ust:  nominal  impulse  withstand  voltage 

of  the  insulation  between  armouring 
and  telecommunication  core, 

% : coupling  resistance  of  the  armouring 
(in  most  cases  equal  to  the  d.c. 
resistance) . 


According  to  2 the  short-circuit  surge 
current  exceeds  the  short-circuit  a.c. 
current  2,5  times.  This  results 

in  a short  term  surge  voltage  stress 
effective  for  the  cable 


From  Table  1 the  following  values  apply 
for  the  phase  conductor  telecommunication 
cable: 

Us-t  = 120  kV,  % = 0.3  ohm/km 


core/armouring:  UA  = 20  kV 

and  effective  for  the  coupling  device 
core/earth  : U-g  = 45  kV 

The  voltage  stresses  on  the  insulation 
core  and  coupling  device  therefore  lie 
below  the  test  voltage  levels  (Table  1+3)» 

6.2  Influence  of  Lightning 

Basically,  the  same  conditions  apply  for 
the  influence  of  lightning  on  an  overhead 
communication  power  line  as  for  the  conven- 
tional overhead  power  line.  Years  of  expe- 
rience and  study  are  available  on  the 
behaviour  of  overhead  lines  when  struck  by 
lightning  4, 

When  lightning  Btrikes  the  overhead  line, 
the  surge  impedance  of  the  phase  conductor 
earth  circuit,  which  is  about  400  ohms, 
becomes  effective.  Analogous  to  the  short 
rise  time  of  the  lightning  a voltage-to- 
earth  of  some  megavolts  occurs  on  the 
phase  conductor.  This  causes  a flashover 


Therefore,  g = 400  kA  . km. 

Assuming  an  unusually  high  lightning 
current  of  100  kA,  which  is  propagated 
almost  equally  in  both  directions  when 
lightning  strikes  the  phase  conductor 
telecommunication  cable,  the  lightning 
current  of  50  kA  remaining  in  one  direct- 
ion can  flow  about  8 km  along  the  cable 
without  causing  a breakdown.  If  allowan- 
ce is  made  for  the  attenuation  of  the 
lightning  current  along  the  cable  which 
is  caused  by  flashovers  at  the  pylons, 
the  propagation  distances  will  be  far 
more  than  8 km  in  one  direction.  In 
medium-voltage  networks  the  overhead 
communication  power  lines  have  a maximum 
length  of  about  15  km,  so  that  breakdowns 
due  to  lightning  are  not  to  be  expected 
in  the  phase  conductor  telecommunication 
cable . 

If  there  is  a coupling  device  in  the 
immediate  vicinity  of  the  point  where 
the  lightning  strikes  the  cable,  it  is 
endangered  by  the  very  steep  rise  and, 
as  a result  of  the  impulse  inertia  in 
overhead  lines,  the  high  values  of  the 
over-voltage.  According  to  4 the  coordi- 
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nation  of  the  inner  and  outer  insulation  The  product  of  sheath  current  I and  coup- 

is  obtained  up  to  the  level  of  the  surge  ling  resistance  Rv  of  the  cable  sheath 

for  the  1.2/50 /us  impulse  wave  (cf.,  yields  the  electrical  direct-axis  field 

Table  3).  In  extreme  cases  for  voltages  intensity  E^  = I . Rg  inside  the  cable, 

with  a steeper  rise  the  installation  of 

lightning  arresters  or  parallel  spark  gaps  With  increasing  distance  r from  the  trans- 
with  arc  fittings  is  recommended.  mitter  the  phase  of  the  wave  decreases  in 

accordance  with  27tr/A  end  the  amplitude 
6.3  Interference  with  1/r. 

Thus  for  a definite  point  x along  the 
The  phase  conductor  telecommunication  cab-  overhead  communication  power  line  the 
lef  like  all  overhead  lines,  is  subject  following  equation  applies: 

to  various  types  of  interference,  e.g., 

from  radio  transmitters  and  CP-transmis-  E _ E rA  e-j  (r  -r.) 

sions  on  adjacent  high-voltage  lines.  x ~ A rx  X x A 


In  the  case  of  radio  transmitters  a 
method  is  given  in  5,  whereby  the  level 
of  interference  at  the  ends  of  an  over- 
head communication  power  line  can  be 
estimated. 


The  field  intensity  Ex  produces  at  the 
field  point  x the  partial  sheath  current 

Ix  = C2  . Ex  . cos  6 


Long-wave  transmitters,  which  may  cause 
interference  in  the  CF-range  up  to  120  kHz 
are  vertically  polarized.  The  electrical 
field  intensity  of  their  radiation  field 
is  perpendicular  to  the  earth's  surface, 
provided  that  the  conductivity  of  the  earth 
is  infinite.  The  actual  finite  conduct- 
ivity of  the  earth  together  with  the 
increased  dielectric  constant  means  that 
the  vector  of  the  electrical  field  E 
stands  at  an  angle  of  <90°  to  the  surface 
of  the  earth. 

For  the  vertical  field  intensity  E»  of 
the  transmitter  with  the  power  P at 
point  A,  which  is  at  a distance  r^  from 
the  transmitter  (Figure  10),  the  follow- 
ing equation  applies  for  the  remote  radi- 
ation field: 


Figure  10.  Graphical  Illustration 
of  the  Calculation 


The  factor  C2  i3  a function  of  the  fre- 
quency f and  the  earth  conductivity  & : 


with 


f in  Hz 
6 in  1/12  m 


To  calculate  the  interference,  a cable 
route  is  divided  into  partial  sections 
of  the  magnitude A/lO.  With  the  sheath 
current  at  point  x and  the  coupling 
resistance  rK  of  the  phase  conductor 
telecommunication  cable  the  interference 


voltages  a Ux  in  the  telecommunication 
circuit  can  be  calculated.  With  allow- 


ance for  the  pair-to-ground  capacitance 
unbalance  kUi  in  the  cable  the  following 
equation  applies: 


j Ux  = Rg  . Ix  • A s ■ k u 
For  kuj  a typical  value  is  at  least  10“^. 


The  partial  voltage  a Ux  still  has  to  be 
multiplied  by  the  propagation  factor  T 
in  order  to  obtain  the  voltage  dUg  at 
end  E . 

A Ug  -dUx  e~rlx 


The  partial  voltages  A Ug  from  all  calcu- 
lated sections  As  along  the  influenced 
route  must  be  geometrically  added  to  the 
resultant  interference  voltage  Dg. 


This  calculation  only  provides  a rough 
estimation  of  the  level  of  interference 
to  be  expected  on  the  line.  In  case  where 
the  planned  route  may  be  subjected  to 
strong  interference,  noise  level  measure- 
ments will  be  necessary  to  confirm  the 
calculation. 


Economic  Aspects 


I 


f 


tion  system  for  this  network  has  not 
been  previously  installed  to  any  major 
extent . 

Only  in  a few  cases  has  power  line  carrier- 
frequency  transmission  been  used  so  far  in 
medium-voltage  networks.  The  relatively 
high  costs  for  the  coupling-in  and-out  of 
the  carrier-frequency,  which  is  necessary 
at  each  branching  point  or  breaker,  stand 
in  the  way  of  any  economic  use  of  this 
system  over  short  transmission  distances. 

Self-supporting  aerial  telecommunication 
cables  have  a construction  similar  to  the 
phase  conductor  telecommunication  cable. 
Their  disadvantage  in  the  medium-voltage 
network  lies  in  the  fact  that  the  self- 
supporting  aerial  cables  have  to  be 
installed  both  additionally  and  separa- 
tely on  the  pylons,  as  earth  conductors 
are  not  required  in  medium-voltage  net- 
works. This  involves  higher  costs  as  a 
fourth  conductor  has  to  be  installed  which 
sometimes  requires  pylons  with  a higher 
effective  strength  and  stronger  foundation. 
In  such  cases,  the  additional  costs  for  a 
transmission  system  with  self-supporting 
aerial  cables  can  lie  about  20 above 
those  for  an  overhead  communication  power 
line  system. 

9 . Conclusion 

The  described  overhead  communication  power 
line  offers  a reliable  and  economic  tele- 
communication system  for  the  20  kV  medium- 
voltage  network. 

The  efficient  utilization  of  the  cable 
with  a few  carrier  frequency  channels 
essentially  covers  the  increasing  demand 
for  telecommunication  facilities  on  over- 
head power  lines.  The  field  trials  show 
that  the  new  developed  cable  fulfills  the 
requirements  for  power  and,  likewise, 
telecommunication  transmission. 

Moreover,  the  calculations  discussed  in 
this  paper  reveal  that  there  may  no 
problems  be  expected  regarding  interference 
from  radio  transmitters,  lightning  or 
short-circuit  in  the  overhead  power  line. 

The  many  phase  conductor  telecommunication 
cables  already  installed  confirm  the  resultB 
in  this  paper. 
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ABSTRACT 

A process  for  the  extrusion  of  a 
'foamskin'  telephone  insulation  using  a 
single  screw  extruder  has  been  developed. 
The  cellular  "foam"  and  solid  "skin"  mat- 
erials are  fed  to  the  screw  using  a split 
feed  hopper.  A twin  flighted  screw  leads 
to  a special  nose  section  where  the  feed 
from  one  flight  is  channelled  to  the 
screw  centre.  At  crosshead  entry  the 
melt  consists  of  a cellular  core  surround- 
ed by  solid  polymer.  Simple,  single  feed 
crosshead  and  die  tooling  has  produced 
insulation  with  a clearly  defined  'foam- 
skin'  laminate.  Development  continues  to 
improve  its  concentricity.  The  properties 
of  insulations  produced  from  medium 
density  polyethylene  based  compounds  are 
described. 


INTRODUCTION 

Interest  continue*  in  'foamskin'  as 
a complementary  insulation  to  either 
solid  or  cellular  polymeries  for  tele- 
phone wires,  particularly  with  petroleum 
jelly  filled  cables.  This  insulation 
comprises  a cellular  core,  normally  pro- 
duced from  a compound  containing  an  azo- 
dicarbonamide  blowing  agent,  surrounded 
by  a solid  polymer  layer.  Lamination  is 
achieved  during  extrusion  in  the  wire  mak- 
ing process.  Indications  are  that  medium 
or  high  density  based  polyethylene  com- 
pounds are  viable  in  the  application  with 
some  experience  of  polypropylene . 1 > 2 . The 
'foamskin'  extrusion  process  normally  com- 
bines two  extruders  feeding  a common  head 
and  die  carrying  the  conductor.  The 
primary  extruder  serves  the  cellular  core 
with  a second  or  "piggy  back",  the  solid 
skin. 

Our  investigation  has  shown  potential 
for  a 'foamskin'  insulation  to  be  produced 
using  a novel  single  screw  design. 3 The 
paper  outlines  progress  with  this  develop- 


ment. It  covers  the  screw  design, 
material  feed  arrangements,  together  with 
extruder  and  die  effects.  Evaluations  on 
wire  covering  using  medium  density  based 
polyethylene  compounds  are  described. 

PROCESS  DESCRIPTION 

Design 

The  process  is  based  on  a standard 
single  extruder  wire  coating  line. 
Additionally,  a metered  feed  for  the 
cellular  compound,  split  feed  hopper, 
special  twin  flighted  screw  having  a 
special  nose  section  and  suitable  cross- 
head tooling  are  required.  Fig.  1 ft  2. 

Split  Feed  Hopper.  The  hopper  and 
feed  throat  of  the  extruder  are  divided 
by  a metal  plate.  This  plate  in  the  feed 
throat  has  been  accurately  fitted  to  the 
shape  of  the  feed  throat  in  order  to 
avoid  any  leakage.  The  solid  compound  is 
loaded  in  the  foremost  hopper. 

Metered  Feed.  Cellular  compound  is 
fed  to  the  rearmost  hopper  via  a small 
vibratory  feeder.  The  function  of  this 
metered  feed  is  to  control  the  proportions 
of  cellular  and  solid  compound  entering 
the  extruder.  Initially  the  operation  of 
the  feeder  was  unsatisfactory  with  poor 
stability  at  low  output  rates  'V  3.0  Kg/hr. 
This  was  improved  by  the  addition  of 
baffles  in  the  feed  tray.  Fig.  3. 

Extruder  Screw  Design.  The  two 
polymers  are  kept  essentially  separated 
by  means  of  a twin  channelled  screw.  The 
first  channel  starts  beneath  the  rearmost 
feed  hopper,  the  second  beneath  the 
forward  hopper.  The  screw  has  a special 
nose  which  transfers  polymer  from  the 
first  channel  to  the  hollow  core  of  the 
nose.  Both  melt  streams  subsequently 
combine  at  the  end  of  the  screw  with 
compound  from  the  second  channel  surround- 
ing compound  from  the  first  exiting 
along  the  axis  of  the  screw. 


For  the  initial  development  a screw 
having  equal  section  channels  has  been 
used.  Further  screws  having  dissimilar 
channels  to  optimise  the  'foamskin'  ratio 
are  envisaged. 

Head  Design.  For  initial  laboratory 
work  an  in-line  head  and  die  extruding  a 
rod  section  was  used.  Fig.  4.  Further 
work  utilised  a simple  single  entry  cross- 
head with  a plugged  point.  Fig.  5.  A 
similar  single  entry  crosshead  was  used 
for  wire  line  trials. 

Design  Philosophy 

It  is  accepted  that  the  two  polymer 
streams  within  the  screw  cannot  be  kept 
completely  separated.  Two  potential  trans- 
fer routes  are: 

at  the  base  of  the  feed  hopper. 

screw  leakage. 

Every  revolution  the  first  channel  is 
exposed  to  the  second  hopper  and  some 
’topping  up’  is  unavoidable.  However, 
there  is  no  direct  path  from  the  first 
hopper  to  the  second  channel  and  any  trans- 
fer in  this  direction  must  be  overflight. 

Screw  leakage  is  a phenomenon  common 
to  all  screw  extruders.  Generally  this  is 
taken  into  account*  by  modifying  the  drag 
flow  by  the  factor  (l-ijto) 

where  & = screw/barrel  clearance 
H = channel  depth. 

As  the  pressure  flow  is  relatively  small 
(<20%  x drag  flow)  the  reduction  in  output 
due  to  leakage  is  only  slightly  greater 
than  this  factor  i.e.  7%. 

EXPERIMENTAL  EXTRUSION  WORK 

A 60  mm  diameter , 21/1  length  to  dia- 
meter ratio, extruder  was  used  having  a 
screw  profile  as  described.  The  capability 


Table  1:  Screw  Design  for 

'Foamskin'  Extrusion 

Dimension 

Diameter 

60  mm 

Type 

Twin  Start 

Pitch 

2 x 38  mm 

Length  Feed 

280  mm 

Transition 

190  urn 

He  ter 

794  mm 

Meter  Channel  Depth 

2.5  mm 

Compression  Ratio 

3.5:1 

Nose  Core  Diameter 

10  mm 

of  the  process  to  produce  a 'foamskin' 
extrusion  was  first  evaluated  on  an  in- 
line rod  section.  Subsequently  a cross- 
head fitted  with  a plugged  ^oint  was 
used  before  progressing  to  wire  covering 
using  a telephone  singles  extrusion  line 

Compounds  based  on  low,  medium  and 
high  density  polyethylene  have  been  used 
in  different  stages  of  the  work.  With 

Table  2:  Polyethylene  'Foamskin'  Process 
Evaluation  Compound? 


COMPOUND 

REFERENCE 

TYPE 

MELT 

FLOW 

INDEX 

POLYMER 

NOMINAL 

DENSITY 

BLOWING 

AGENT 

CONTENT 

dg/min 

gm/cc 

% 

A 

Cellular(1) 

2.0 

0.917 

1.2 

B 

Cellular^ 

0.7 

0.933 

0.65 

C 

Cellular^ 

0.7 

0.933 

0.71 

D 

Cellular^ 

0.7 

0.933 

1.0 

E 

Solid 

2.0 

0.917 

- 

F 

Solid 

0.3 

0.950 

- 

G 

Solid 

0.2 

0.933 

“ 

Blowing  Agents:  (1)  p,p,oxy-bis  (benzene 
sulphonyl  hydrazide). 

(2)  azodicarbonamide. 


cellular  insulation  compounds  containing 
blowing  agent,  extrusion  temperatures  are 
directly  related  to  blowing  agent  activ- 
ation in  order  to  achieve  an  optimum 
cellular  structure.'  Except  where  ind- 
icated an  extrusion  temperature  of  210  C 
was  used  with  compounds  containing  azo- 
dicarbonamide and  150°C  with  p,p,-oxy-bis 
(benzene  sulphonyl  hydrazide) . The  solid 
skin  compounds  were  formulated  to  process 
at  the  required  temperatures. 

In  line  Rod  Section 

Clearly  defined  and  concentric  'foam- 
skin' sections  were  produced  using  com- 
pounds B and  G.  Fig.  6A.  Typically,  over- 
all extrudate  specific  gravities  of  0.60 
with  foam  specific  gravities  of  0.40  have 
been  achieved.  The  specimen  shown  (Fig. 
5A)  has  a skin  thickness  of  10%  of  the 
overall  diameter  which  approaches  the 
minimum  obtainable  with  an  equal 
channelled  screw. 

The  significance  of  varying  the 
extrusion  temperature  from  200  to  225  C is 
shown.  Fig.  7.  As  the  temperature  is 
increased  the  specific  gravity  is  lowered. 


Coarse  cells  showing  loss  of  nucleation 
are  observed  at  213°C.  At  higher  temper- 
atures these  penetrate  into  the  skin 
material. 

Inspection  of  the  screw  push  outs 
indicated  some  cross  channel  material  flow 
in  both  directions.  Some  flow  of  skin 
compound  into  the  cellular  channel  was 
anticipated;  flow  in  the  other  direction 
was  not.  The  cause  was  identified  as 
material  from  the  first  channel  feeding  up 
into  the  throat  of  the  foremost  hopper  and 
back  down  into  the  second  channel.  It  is 
thought  that  this  is  due  to  pressure  build 
up  during  the  initial  closed  half  revol- 
ution of  the  first  channel.  The  problem 
is  overcome  by  metering  material  in  the 
first  channel  to  less  than  thirty  five 
percent  of  the  total  extrusion  output. 

Plugged  Crosshead 

Initial  work  simulated  wire  covering 
by  means  of  a plugged  crosshead.  Fig.  5. 

An  extrudate  comprising  cellular  compound 
A and  skin  compound  E is  shown.  Fig.  6B. 
The  'foamskin'  structure  is  clearly 
defined.  However,  the  effect  of  the  part- 
icular crosshead  is  to  cause  a part  of  the 
skin  to  penetrate  to  the  centre  of  the 
extrusion.  This  penetration  occurs  dia- 
metrically opposite  the  feed  entry  point. 
Similar  results  were  obtained  with 
cellular  compound  B and  skin  compound  F. 

Telephone  Singles  Extrusion 

Cellular  compound  C and  skin  material 
G were  used  to  produce  an  insulated  tele- 
phone wire.  A capacitance  reduction 

Table  3:  Extrusion  Wire  Line  Trials 


Conditions 


Skin 

Compound  G 

Foam 

Compound  C 

Line  Speed 

590  m/min 

Screw  Speed 

43  rpm 

Vibratory  Feeder  Rate 

6.5  Kg/hr 

Extrusion  Temperature 

210°C 

Diameter  Conductor 

0.63  nm 

Insulation 

1.04  mm 

Capacitance* 

242  pF/m 

Tensile  Strength 

13.3  Mn/m2 

Elongation 

720* 

*Aim  Capacitance  Solid  278  pF/m 
Cellular  227  pF/m 


compared  with  a solid  insulation  was  ob- 
tained. The  cross  section  shown  in 
Fig.  6C  illustrates  the  difficulty  in 
maintaining  concentricity  in  the  'foam- 
skin'  through  a crosshead  although  the 
particular  design  shows  improvement  over 
the  plugged  crosshead.  The  integrity  of 
the  foam  and  skin  is  maintained  with 
clearly  defined  boundaries  shown. 

DISCUSSION  AND  STATUS 

At  the  present  stage  of  development 
the  viability  of  the  process  can  be 
assessed.  It  is  shown  capable  of  produc- 
ing a 'foamskin'  insulation  achieving  a 
preferred  capacitance  reduction  when  com- 
pared with  solid  insulation.  Amongst 
factors  influencing  capacitance  are  skin 
and  foam  ratio  as  well  as  the  realised 
specific  gravity.  An  optimum  aim  ratio 
has  not  been  fully  defined.  However,  the 
process  offers  scope  for  adjustment  prin- 
cipally by  alteration  of  the  width  or 
depth  of  the  twin  screw  channels  and  of 
fine  tuning  by  control  in  metering  the 
cellular  compound.  Alteration  in  expan- 
sion capability  of  the  cellular  compound 
by  adjustment  of  its  blowing  agent  content 
gives  further  flexibility. 

The  integrity  of  the  'foamskin' 
section  is  demonstrated  and  maintained 
during  the  extrusion  process.  Although 
some  loss  in  concentricity  occurs  in  the 
crosshead  only  standard  tooling  has  been 
used  to  date.  With  design  development  to 
maintain  flow  uniformity  at  this  point, 
improvement  to  a fully  adequate  level  is 
envisaged. 
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Fig.  1 General  Arrangement  of  Extruder  and  Vibratory  Feeder 


Fig.  2 Typical  Single  Entry  Crosshead  used  for  Foam  Skin  Development 


4 Inline  Die  Holder 


Fig.  3 Vibratory  Feeder 


Fig.  5 Plugged  Crosshead 


C.  Wire  Coating  Trial 


B.  Plugged  Crosshead 
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Three  Foam  Skin  Sections 
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Fig.  6 Effect  of  Increasing  Zone  4 Extrusion  Temperature 
on  Foam  Skin  Structure 


Mr.  J.K.  Normanton 
Bakelite  Xylonite 
Limited, 

Inchyra  Road, 
Grangemouth , 

FK3  9XG, 

Scotland. 


Mr.  J.E.  Robinson 
Bakelite  Xylonite 
Limited , 

Inchyra  Road, 
Grangemouth , 

FK3  9XG, 

Scotland . 


Mr.  J.K.  Normanton  joined  Bakelite 
Ltd.  in  1950,  and  his  28  year  profession- 
al career  has  been  devoted  to  the  develop' 
ment  of  thermoplastic  extruded  products 
for  electrical  applications.  He  is 
currently  Group  Leader  in  the  Technical 
Department  of  BXL  Polyethylene  Division, 
responsible  for  product  development  and 
technical  service  for  polyethylene  wire 
and  cable  compounds. 


Mr.  J.E.  Robinson  graduated  with  an 
honours  degree  in  mechanical  engineering 
from  City  University,  London,  in  1970. 

He  joined  Hawker  Siddeley  Aviation  Ltd. 
and  in  1971  was  awarded  an  SBAC  scholar- 
ship for  1 year  to  study  Materials 
Technology  at  Imperial  College,  London. 
Since  1974  Mr.  Robinson  has  worked  in  the 
Product  Development  Department  of  BXL 
Polyethylene  Division  specializing  in 
wire  and  cable  process  studies. 


rnmmtmmmr 


RETURN  LOSS  AND  TRANSMISSION  DISTORTION  DUE  TO 
STRUCTURAL  IRREGULARITIES  IN  COAXIAL  CABLE 
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A unified  approach  to  the  problem  of  return 
loss  and  transmission  distortion  due  to  structural 
irregularities,  both  quesi-systematic  and  random, 
is  presented.  Using  a detailed  model  and  a com- 
prehensive theory,  measured  return  loss  values  are 
related  to  estimates  of  system  performance,  while 
the  effect  of  changes  in  cable  production  can  be 
evaluated.  The  theory  also  has  application  to 
crosstalk  on  symmetric  pair  cable. 


1.  INTRODUCTION 

An  important  characteristic  of  modern  wire 
transmission  systems  is  that  they  are  often  req- 
uired to  operate  on  cables  which  were  designed 
primarily  for  transmission  at  much  lower  frequenc- 
ies. Two  examples  are  the  use  of  pulse  code  mod- 
ulation systems  on  symmetric  pair  cable  and  high 
capacity  analogue  and  digital  transmission  systems 
on  trunk  coaxial  cable.  The  large  amount  of  cable 
already  installed  necessitates  an  in-depth  inves- 
tigation of  the  performance  of  this  valuable  res- 
ource to  determine  what  limitations  on  system 
performance  are  imposed  by  its  shortcomings.  In 
addition  the  substantial  investment  in  plant  to 
make  current-design  cable  means  that  the  relation- 
ship between  production  techniques  and  performance 
shortcomings  should  be  identified  in  order  to 
produce  the  best  product  for  high  frequency  work- 
ing with  a minimum  of  plant  changes.  This  paper 
deals  primarily  with  trunk  type  coaxial  cable 
(the  2. 6/9-5  nan  or  1.2/U.k  mm  sizes)  and  the  effect 
of  manufacturing  irregularities  on  its  high  freq- 
uency performance.  However,  the  theory  and  results 
are  equally  applicable  to  CATV  type  coaxial  cable. 

The  design  of  trunk  coaxial  cable  adopted  four 
decades  ago  for  what  was  then  high  bandwidth  trans- 
mission (a  few  MHz)  has  been  shown  by  detailed  • 
measurements  to  perform  very  closely  to  what  is 
predicted  by  quite  simple  theory  up  to  a frequency 
of  well  over  1 GHz,  except  in  a number  of  narrow 
near-harmonically  related  bands  where  the  insertion 
loss  and  phase  can  show  marked  deviations  from 
nominal.  The  reason  for  these  deviations  is  the 
presence  of  near-periodic  irregularities  in  the 
structure  of  the  coaxial  tube,  predominantly  caused 
by  the  stranding  process.  The  problem  of  "imped- 
ance irregularities"  in  coaxial  cable  has  been 
considered  by  a number  of  authors  over  a period  of 
LO  years  yet  no  theory  has  appeared  which: 
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. is  theoretically  satisfying  yet  tractable, 

. can  be  used  to  predict  transmission 

performance  from  simple  measurements , and 

. is  able  to  show  the  sensitivity  of 

transmission  performance  to  manufacturing 
deviations. 

This  paper  aims  to  present  a unified  approach 
linking  the  important  results  on  manufacturing 
irregularities,  return  loss  and  transmission 
distortion  from  a combined  theoretical  and  prac- 
tical study.  This  is  achieved  by  commencing  with 
an  adequate  model  of  the  cable  structure  which 
identifies  the  important  aspects  of  the  manufac- 
turing process,  and  then  producing  an  electrical 
model  which  relates  measurable  electrical  quantit- 
ies to  this  process,  allowing  the  effect  of  design 
changes  to  be  seen.  The  final  stage  is  the  exten- 
sion of  the  model  so  that  system  transmission 
performance  can  be  reliably  predicted  from  routine 
measurements. 

The  theoretical  concepts  developed  in  conjun- 
ction with  the  coaxial  cable  analysis  can  be  appl- 
ied to  the  study  of  crosstalk  in  multipair  cable. 
This  is  illustrated  in  the  last  section  of  the 
paper  by  considering  crosstalk  coupling  due  to  an 
unbalanced  current  flow  in  an  earth  circuit.  As 
for  the  coaxial  case,  analysis  of  the  model  and 
the  results  can  determine  how  small  changes  in 
cable  production  and  jointing  can  yield  major 
changes  in  crosstalk  performance. 


2.  SELECTION  OF  A MODEL  FOR 

MANUFACTURING  IRREGULARITIES 

Normal  production  processes  and  tolerances 
result  in  coaxial  cable  with  a physical  structure 
which  is  not  perfectly  uniform  with  length.  Field 
theory  shows  that  at  each  point  of  irregularity, 
some  of  the  energy  in  the  wave  travelling  from  a 
source  is  reflected  back  towards  that  source. 
Normal  transmission  line  theory  can  be  extended  to 
cope  with  a slightly  irregular  cable  by  allowing 
the  primary  parameters  of  inductance,  resistance, 
capacitance  and  conductance  to  be  functions  of 
distance  along  the  cable;  this  results  in  the 
secondary  parameters  of  attenuation  (a)  and  phase 
(6)  coefficients  and  characteristic  impedance  (Z0) 
being  functions  of  length.  Taking  the  derivatives 
of  Z0(x),  a(x)  and  B(x)  with  respect  to  the 


dimensional  and  physical  quantities  most  subject 
to  irregularities  in  manufacture  shovs  that  the 
characteristic  impedance  is  the  most  sensitive  to 
changes;  furthermore,  the  effect  of  changes  in  the 
characteristic  impedance  is  immediately  apparent 
on  propagation,  vhile  for  o(x)  and  8(x)  it  is  the 
integral  with  distance  which  is  significant  so 
that  short  term  variations  in  a and  6 with  length 
are  not  considered  important.  Consequently,  the 
cable  with  structural  irregularities  is  modelled 
as  having  impedance  irregularities,  i.e.  a 
characteristic  impedance  which  is  a function  of 
distance,  x,  and  this  characteristic  impedance  can 
be  considered  a mechanical  property  of  the  cable. 

2.1  Characteristics  of  Impedance  Irregularities 

The  manufacture  of  trunk  coaxial  cable  is 
divided  into  two  basic  operations,  namely  tube 
fabrication  and  the  stranding  of  a number  of  tubes 
to  form  a complete  cable.  In  both  operations, 
the  irregularities  in  the  characteristic  impedance 
which  are  introduced  can  be  divided  into  two 
categories  :- 

i.  "random"  deviations  having  a correlation 

length  of  only  a few  centimetres. 

ii.  "quasi-systematic"  deviations  having  a 

correlation  length  which  is  a damped 
periodic  function  with  a period  of  a few 
tens  of  centimetres  or  more  and  an 
envelope  of  a few  tens  of  metres  or  more. 

The  term  correlation  length  is  quantified  by 
introducing  a related  quality,  the  power  density 
spectrum  P(v),  the  Fourier  transform  of  the  auto- 
correlation function  Zq(  x) ; in  the  same  way  that 
the  frequency  domain,  f,  is  the  transform  domain 
of  time  t,  v is  the  transform  domain  of  the  dis- 
tance variable  x.  The  random  component  of  the 
Zq(x)  process  is  analogous  to  white  noise  and 
hence  has  a power  density  spectrum  which  is  close 
to  being  flat  from  essentially  v=-»  to  v=+>» 
while  the  quasi-systematic  component  has  its  power 
concentrated  in  a number  of  peaks  in  the  v domain. 

While  a number  of  sources  of  quasi-systematic 
irregularities  have  been  identified,  the  major 
one,  as  far  as  trunk  coaxial  cable  is  concerned, 
is  that  produced  by  cable  stranding1.  The  conven- 
tional coaxial  tube  has  a longitudinal  seam  in  the 
outer  copper  conductor  which  results  in  the  tube 
not  being  uniformly  resistant  to  deformation  in 
the  radial  direction.  Stranding  causes  a pressure 
point  to  move  helically  along  the  tube  with  the 
resultant  deformation  being  greatest  in  the  vicin- 
ity of  the  seam.  The  tube  does  not  completely 
regain  its  original  shape  after  the  pressure  point 
passes  and  is  left  with  a characteristic  impedance 
function  which  can  be  initially  modelled  as  in 
Figure  1. 

2.2  Almost-Periodic  Irregularities 

However  the  process  is  not  perfectly  periodic 
as  suggested  by  Figure  1.  Analysis  of  the  strand- 
ing process  indicates  that  the  peak  height  of  the 
pulse  varies  about  the  mean  value  Zd  shown,  while 


the  position  of  each  pulse  varies  about  the  meeui 
separation  of  T metres  from  the  mean  position  of 
the  previous  pulse. 

A number  of  different  factors  contribute  to 
the  variation  in  pulse  height  so  that  a gaussian 
distribution  of  height  about  the  mean  value  Z<j 
cam  be  assumed.  For  the  pulse  position,  other 
factors  contribute  to  the  variation,  so  that  the 
pulse  position  can  be  considered  to  be  a gaussian 
distribution  about  a mean  value  of  T metres 
separation.  Furthermore,  for  each  pulse,  the 
height  and  position  Eire  assumed  uncorrelated,  as 
are  the  values  of  one  pulse  to  another.  The  slope 
of  the  sides  of  the  pulse  is  considered  constant, 
irrespective  of  the  height  and  position  of  the 
pulse.  The  values  of  T and  S of  this  "quasi- 
systematic"  or  "almost-periodic  process" , together 
with  other  significant  features  of  the  random 
process,  will  be  considered  in  a later  section. 


FIGURE  1. 

Initial  Modal  of  tho  Syataactic  lapadanca  Irragularity  Procaaa 

At  this  stage,  it  is  appropriate  to  introduce  an 
electrical  model  of  the  irregular  cable  which  can 
take  a proposed  impedance  irregularity  process  and 
translate  it  to  measurable  electrical  quantities. 


3.  DEVELOPMENT  OF  AH  ELECTRICAL  MODEL 

In  the  previous  section,  it  was  shown  that 
the  characteristic  impedance  process,  Zo(x),  is 
the  cable  parameter  which  incorporates  all  the 
possible  sources  of  manufacturing  irregularities 
and  an  examination  of  the  mechanics  of  cable 
production  gave  an  initial  model  for  the  form  of 
ZQ(x).  It  must  be  emphasised,  however,  that  the 
electrical  effect  of  irregularities  is  to  convert 
a portion  of  energy  travelling  in  one  direction  to 
the  opposite  direction  of  travel,  and  it  is  this 
effect  which  is  responsible  for  return  loss  and 
transmission  distortion.  The  characteristic 
impedance  with  its  irregularities  is  thus  not  so 
much  the  cause  of  the  electrical  effects  but  a 
convenient  intermediate  point  in  the  development 
of  a suitable  electrical  model. 

3.1  The  Reflection  Density  Process 

Consider  a cable  composed  of  segments  of  length 
dx,  with  the  characteristic  impedance  constant 
over  each  length.  The  impedance  is  Zo(x)  from 
(x-dx)  to  x and  Zg(x+dx)  from  x to  (x  + dx).  At 
x,  a uniform  line  of  Zg(x)  is  terminated  by  an 
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impedance  Z0(x+dx)  (the  fact  that  the  line  of 
impedance  Zo( x+dx ) is  not  necessarily  terminated 
by  ZQ(x+dx)  is  considered  by  repeating  the  analy- 
sis at  (x+dx)).  Consequently,  conventional  trans- 
mission line  analysis  predicts  a reflection  co- 
efficient at  x of  : 


dp(x)  = 


ZQ(x+dx)  - Z0(x)  = dZg(x) 

Zq( x+dx) + Z0(x)  2Z- 


— r(x)dx 


which  defines  r(x)  to  be  the  reflection  density 
process,  a term  initially  used  by  Karbowiak. 2 
Electrically,  r(x)dx  can  be  considered  as  the 
ratio  of  the  infinitesmal  reverse  travelling 
voltage  wave  produced  in  dx  to  the  incident 
voltage  wave  at  x.  For  analytical  purposes,  this 
reverse  propagating  wave  can  be  considered  as 
having  been  coupled  from  the  original  line 


loss  of  power  to  line  1 and  so  on.  It  will  be 
shown  later  that  this  "return  loss"  is  a major 
component  of  attenuation  deviation.  Accordingly, 
the  attenuation  on  each  of  the  three  lines  in 
Figure  2 is  increased  to  account  for  this  power 
coupling  to  a higher  numbered  line. 

This  enables  all  three  lines  in  the  model  to 
be  considered  uniform,  that  is  a constant  imped- 
ance of  Zo,  and  the  impedance  irregularity  process 
Zo(x)  is  no  longer  required  as  r(x)  is  now  the 
fundamental  process.  The  conversion  back  to  Zq 
after  each  "reflection  site"  can  be  considered  to 
be  accomplished  by  a hypothetical  transformer 
whose  effect  is  included  in  the  attenuation 
increase. 

If  dai(L,x)  represents  the  increase  in  atten- 
uation on  line  0,  (due  to  power  coupling  to  line 
1),  at  the  point  x on  a cable  of  total  length  L, 
it  can  be  shown  that  (see  Appendix  1): 


AcijfL.x)  = 


-1 

2(l-2|p(L,x)|2) 


2a0|p(L,x)|2 
1-2 |p( L,x) | 2 


where  p(L,x)  $ 


total  line  1 voltage  at  x 
line  0 voltage  at  x 
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(line  0,  Figure  2)  to  a new  auxiliary  line  with 
propagation  in  the  reverse  direction  (line  1, 
Figure  2),  via  the  coupling  function  r(x).  However 
this  signal  on  line  1 encounters  sites  of  irregul- 
arity while  propagating  back  to  the  origin,  and 
there  is  coupling  of  signal  onto  a second  auxilia- 
ry line,  line  2 of  Figure  2.  The  direction  of 
propagation  on  line  2 is  the  same  as  for  line  0. 
This  process  of  coupling  from  one  line  to  a higher 
numbered  line  can  be  extended  indefinitely; 
however  a total  of  3 lines  gives  a model  of  suit- 
able accuracy. 

3.3  Attenuation  Deviation  due  to  Return  Loss 


a is  the  uniform  line  attenuation. 

o 

It  can  be  shown  (see  Section  L)  that  if  x is  not 
too  close  to  L,  the  end  of  the  cable, 

(E  []p ( L,x)  | 2 ] ) = 0,  so  that 

E [Aa,(L,x)  ]=  g-^F  np(L’0)l?J  (3-3) 

1 1-2E  [ | p ( L ,0 ) |2  ] 


where  p(L,0)  is  the  reflection  coefficient  at  the 
input  of  the  cable,  a quantity  which  is  conven- 
iently measured  by  bridge  or  directional  coupler 
methods.  The  variance  of  AajlL.x)  is  not 
evaluated  because  the  important  quantity  for 
transmission  is 


/ Aa  (L,x)dx 
0 1 


The  majority  of  authors  who  have  considered 
the  impedance  irregularity  problem  neglect  the 
fact  that  the  production  at  a reflection  site  of 
a reverse  travelling  wave  on  line  1 causes  a loss 
of  power  in  the  direct  propagating  signal  on  line 
0.  Similarly,  the  coupling  to  line  2 causes  a 


and  while  the  average  value  of  this  is 
LE[Aai(L,0)]  (neglecting  the  change  in  EAai(L,x) 
as  x approaches  L),  the  integral  effectively 
reduces  the  variance  to  a negligible  quantity. 


The  significance  of  equation  (3-3)  is  that 
it  predicts  the  attenuation  deviation  due  to 
return  loss  using  a quantity  vhlch  is  readily 
estimated  from  measurements.  It  will  be  shown 
later  that  there  is  a simple  relationship  between 
this  attenuation  deviation  and  that  from  the 
signal  on  line  2 (due  to  double  reflection) 
adding  at  the  termination  with  the  line  0 process. 

At  this  point,  it  is  appropriate  to  consider 
the  theoretical  derivation  of  E[|p(L,x)|2]  from 
the  reflection  density  process  and  its  power 
density  spectrum  P(v) . 


U.  THE  RETURH  LOSS 

At  any  point  x along  the  cable,  the  line  1 
signal,  V}  (x,L)  is  a weighted  summation  of 
reflection  components  produced  at  all  points  from 
x to  the  end  of  the  cable,  L,  and  p(L,x)  is  the 
ratio  of  V-^  (x,L)  to  Vq  (x,L).  In  order  to 
relate  the  attenuation  deviation  to  manufacturing 
irregularities  rather  than  just  to  the  measured 
reflection  coefficient,  p(L,x)  is  required  in 
terms  of  the  power  density  spectrum  P(v)  of  the 
r(x)  process.  Using  the  definition  of  r(x), 

L 

p(L,x)  = / exp(-2a  (n-x)-2J6  (n-x) 
n=x  0 0 


! A<M  ( L, A )dA  - I Aa  (L,A)dA)  r(n)dn 

x x 

(l*-l) 


where  the  excess  attenuation  due  to  pover  coupling 
is  included  for  both  line  0 (Aa  (L,A ) and  for 
line  1 (Aa  (L,A).  1 

2 


But  / da,(L,A)dA  S (n_x)  E [Aa,  (L,*)] 


n 

and  / do  (L,A)dA  = (n-x)  E [da  (L,x)] 

X 1 1 


Therefore, 

_ x 

p(L,x)  •!  exp((-2a-2jB0)(n-x)  ) r(n)dn 

n 


where  <*  = a^  ♦ E [Aa^  (L,x)]  (l»_2) 


Using  well  known  statistical  techniques  it  can  be 
shown  : 


[|p(L,x)|2]  « /“  P^>dv 

(l-2exp(-2a(  L-x) ) 

v*-<»  U(a2+B2) 

Cos  2B( L-x)  + exp(-Ua(L-x)) 

(*t-3) 

where  6 = xv  + 6 

0 

(h-U) 

which,  as  expected,  shows  that  the  mean  square  ref- 
lection coefficient  builds  up  to  a constant  value 
as  x moves  away  from  L.  By  analogy  to  circuit 
theory, ( U— 3)  shows  that  this  mean  square  reflection 
coefficient  is  the  total  power  of  a signal  which 
results  from  passing  an  input  signal  with  power 
density  spectrum  P(v)  through  a filter  with  system 
function 

|l-2exp(-2a(L-x))  Cos  2g(L-x) 

|H(v)  |2  = ♦ exp(-l»a(L-x))| 

U(a2+B2) 

(U-5) 


As  B = nv  - B0,  it  can  be  seen  that  the  frequency, 
f,  at  which  the  analysis  is  carried  out  "tunes” 
the  filter  across  the  range  of  v and  a peak  in  the 
spectrum  P(\>)  at  v=v0  results  in  a peak  in 
E| |p(L,x) |2 | at  B = -nv..  The  limiting  case  of 
peaks  in  P(v)  is  when  r(x)  is  perfectly  periodic. 

If  the  period  is  T = — , then 
vo 

00 

P(v)  = I K.  S(v  - kv0)  ( U— 6) 

k=-“  K 


and  / E [ |p(L,x)  |2] 

» Ak 

J *t(a2+Ukv0+  80)2) 


.Cos  |2(irkv0+60)  ( L— ^ ♦ exp(-Ua(L-x)) 

(l»-7) 


which  shows  that  as  f is  varied,  then  large  peaks 
in  reflection  coefficient  will  occur  where 
Bo  * *v0,  2wv0,  3«v0  

Equation  (b-7)  is  shown  plotted  against  frequency, 
f,  in  Figures  3,  1*  and  3 for  the  model  of  Zq(x) 
shown  in  Figure  1,  for  Zd'0. 3fl,  S»10n/metre  and 


v0  = 0.956  cycle/metre  and  with  (L-x)  set  to  a 
very  large  value  to  simulate  the  reflection  co- 
efficient at  the  input  of  a long  cable.  A flat 
component  was  added  to  the  P(v)  given  by  ( U— 6)  to 
make  the  figures  more  representative  of  actual 
measurements.  Also  in  Figures  3,  4 and  5 is 
plotted  the  attenuation  deviation  due  to  coupling 
to  the  line  1 process,  as  calculated  using  the 
expectation  of  equation  (3-2).  Figures  6 and  7 
show  the  build  up  of  both  the  reflection  co- 
efficient and  attenuation  deviation  with  length 
to  the  end  of  the  cable  from  the  point  x,  at  the 
frequencies  of  the  peaks  in  Figures  4 and  5,  which 
show  equation  (4-7)  around  the  first  and  fourth 
resonances  respectively. 
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Figure  8 shows  the  relationship  between  the 
peak  value  of  the  impedance  difference  for  the 
model  of  Figure  1 and  both  the  reflection  co- 
efficient and  attenuation  deviation  resulting  from 
it.  This  shows  that  only  a small  reduction  in  the 
peak  value  of  Z&  is  required  to  effect  substantial 
improvements  in  cable  performance. 

Until  now,  only  return  loss  (reflection  co- 
efficient and  the  resultant  attenuation  deviation) 
has  been  considered.  However,  the  total  signal 
seen  by  the  receiver  at  the  end  of  the  cable  is 
the  sum  of  Vq(x,L)  and  Vg(x,L),  and  the  presence 
of  the  second  order  process  can  also  produce 
significant  attenuation  deviations  as  well  as 
phase  deviations  in  the  frequency  response  of  the 
cable. 


FIGURES  6 and  7 

Variation  with  Length  to  the  End  of  the  Cable  of  the  RMS  Reflection  Coefficient 
(Upper  Curve)  and  Mean  Attenuation  Increase  Due  to  Return  Loss  at  the  Resonance 


Frequencies  of  Figure  4 and  5. 


FIGURE  8 

RMS  Reflection  Coefficient  (Upper  Curve)  and 
Mean  Attenuation  Increase  due  to  Return  Loss 
Versus  the  Peak  Impedance  Deviation  in  the 
Model  of  Figure  1. 


5.  DOUBLE  REFLECTIONS  - 

THE  SECOND  ORDER  PROCESS 

Previous  solutions  to  the  problem  of  doubly 
reflected  signals  have  concentrated  on  the 
periodic  irregularity  problem,3  with  mention  of 
the  "random  irregularity"  question  by  some 
authors.  The  theory  used  in  section  4 can  be 
extended  to  give  the  expected  attenuation  and 
phase  deviation  for  all  cases  of  manufacturing 
irregularities,  with  the  perfectly  periodic  and 
random  cases  being  two  extremes. 

5. 1 The  Line  2 Reflection  Coefficient 

At  any  point  x on  a cable  of  length  L,  the 
line  2 signal,  V2(x,L)>is  a simulation  of  all 
double  reflections,  where  the  second  reflection 
point  is  between  the  origin  and  x and  the  first 
reflection  point  is  between  the  Becond  and  the  end 
of  the  cable,  L. 
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Defining  p,(x,L)  = I2*^ 
2 VqU.LJ 


(5-1) 


x L 


Pz(x,L)  = - / / r(n)dnr(«)d«exp(-2a(5-n) 

n=o  ?=n 


E[^J 


j BP(v)dv 
v=-*»  2(a2  +82) 


(5-8) 


-2j6o(?-n)) 


(5-2) 


where  the  attenuation  on  all  three  lines  is 
approximated  by  a =aQ  +E[haj  (L,0)].  (5-3) 

Again,  using  standard  techniques  and  substituting 
in  the  power  density  spectrum  of  the  r(x)  process, 
P(v) 


However,  equation  (U-lt)  indicates  that  for  a long 
length  of  cable. 


E[|p(L,0) |2] 


/ P(l)dl 

X=-“  U(a2+82) 


(5-9) 


r , o “ Pfuldu  exp(-2a(L-x)+2J 

E[p2(x,L)]  = - (x  . ^ BlL^x)) 


2(a-J8) 


5Ei= 

2\a~, 


-2qL+2i8L)  ) 


2(a-J8  ) 


(5-M 


where  6 = (vv-8  ) 
o 


For  the  case  of  a long  cable , the  second  order 
process  at  the  end  of  the  cable  is 


where  A = -v  of  equation  U-U. 

Thus  the  total  attenuation  deviation  due  to  both 
power  coupling  from  line  0 to  line  1 and  the 
second  order  process  is 


E|Aa|  = E [Ad  ] + E[daJ 


(5-10) 


= 20,0  Efrl.P|^{  ♦ 2aE[|p|2]  (5-11) 

1-2  Eflpl2] 


E[p2(L,L)]-  -L  / fggj 


5.2  Attenuation  and  Phase  Deviations 
The  total  signal  received  at  L is 


(5-5)  where  subscripts  have  been  omitted  as  all  quan- 

tities are  invariant  with  length  (except  for  the 
small  lengths  near  the  ends  of  the  cable). 
Equation  (5-11)  can  be  simplified  to  : 


E | Aa | = l*a  E[|p|2] 


(5-12) 


E[\4(L)]  » V0(L,L)(1  ♦ E[p  (L.L)]) 


V0(o)exp(-a-J80)L(exp(-aL  / 

. v«-»  2(a2+62) 


jl  / aiyigy 


v»-»  2(a2+82) 


(5-6) 


which  indicates  that  there  is  an  attenuation 
Increase 


so  that  doubling  the  attenuation  deviation  values 
in  Figures  3,  U,  5,  6,  7 and  8 yields  the  total 
attenuation  deviation  due  to  both  causes.  The 
deviation  in  phase  change  coefficient  can  be 
evaluated  using  equation  (5-8)  and  the  appropriate 
power  density  spectrum.  For  the  perfectly 
periodic  case. 


» A (i  v 8 ) 

k.  „ 2(«i*(ekv'-B  )T) 

K— °»  0 0 


(5-13) 


which  is  zero  at  the  "resonance  frequencies"  where 
E|da|  is  at  a peak.  However  e[abs]  has  a peak  on 
either  side  of  the  resonance. 


E[A«  j - a / 

v«-«  2(a2*B2) 


(5-7) 


end  a phase  change  coefficient  deviation  of 
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6.  MEASUREMENT  REQUIREMENTS 

The  significance  of  equation  (5-12)  is  that 
the  attenuation  deviation  due  to  manufacturing 
irregularities  is  given  in  terms  of  a cable 
property  which  is  readily  estimated  from  measure- 
ments. It  is  standard  practice  in  coaxial  cable 
production  to  measure  the  magnitude  of  the  reflec- 
tion coefficient  on  at  least  a sampled  basis.  If 
these  measured  values  are  Ipjl  for  i = 1,  2,  3..., 
then  the  estimate  of  e[|p|2]  (the  subscripts  are 
omitted  as  the  cable  length  is  assumed  long  so 
that  B 1 1 p 1 2 I is  independent  of  x)  is  given  by: 

e[|p|2]  = * IpJ2  (6-1) 

i=l  ___ 
n 


Figures  6 and  7 indicate  the  length  of  cable 
required  for  measurement  to  ensure  that  the 
assumption  of  independence  of  E | | p | 2 | with  length 
is  valid  - alternatively  the  correction  factor  for 
measurements  on  short  lengths  is  indicated  in  the 
Figures. 


Figures  3 and  8,  together  with  equation  (5-12 
indicate  that  the  calculated  attenuation  deviation 
is  very  sensitive  to  errors  in  measurement  of 
|pjJ.  In  particular,  if  the  measured  value  is 
artificially  increased  by  poor  connectors  etc. 
then  an  unduly  pessimistic  estimate  of  cable 
performance  is  obtained.  To  obviate  this 
possibility,  Telecom  Australia  developed  the 
carrier  burst  technique  for  use  in  its  measure- 
ments. This  method  has  the  additional  advantage 
that  a short  length  of  cable  near  the  sending  end, 
which  may  be  a typical  of  the  body  of  the  cable, 
may  also  be  omitted. 


7.  THE  ALMOST  PERIODIC  PROCESS 

The  equations  in  Sections  It  and  5 were 
derived  for  a general  power  density  spectrum, 

P(s>),  and  then  evaluated  for  the  special  case 
where  the  r(x)  process  was  perfectly  periodic. 
Comparing  Figure  3 to  typical  measurement  results 
indicates  that  there  is  variation  between  cables 
which  is  not  accounted  for  in  the  perfectly 
periodic  model.  The  " almost-periodie"  model 
described  in  Section  2 was  tested  by  simulation 
techniques  to  determine  if  the  amplitude  and  phase 
Jitter  on  an  otherwise  periodic  process  could 
account  for  the  observed  variation  between  cables. 
The  results  indicated  that  phase  Jitter  alone  could 
not  account  for  the  variation,  although  amplitude 
Jitter  could.  Calculation  of  P(v)  for  the  Jitter- 
ed process  indicated  that  the  resultant  P(v)  has 
peaks  which  are  still  much  narrower  than  the 
filter  function  described  in  Section  U - as  a 
result  the  values  in  Figures  3,  U,  5,  6,  7 and  8 
are  valid  for  this  "almost-periodie"  process  as 
well  as  for  the  perfectly  periodic  process. 

Equation  (U-l)  indicates  that  because  of  attenuat- 
ion the  measured  reflection  coefficient  is 
determined  by  an  effective  length  which  is  quite 


small  in  comparison  to  the  length  which  determines 
attenuation  deviation.  This  means  that  the 
variance  of  attenuation  deviation  over  a regen- 
erator or  repeater  length  is  much  less  than  the 
variance  of  |p|  which  is  observed  in  factory 
measurements.  As  a consequence,  the  variance 
of  Aa  and  ABS  was  considered  negligible  and  has 
not  been  calculated. 


8.  APPLICATION  TO  MULTIPAIR  CABLE 


The  theory  developed  in  the  previous  sections, 
which  related  coaxial  line  irregularities  to 
transmission  deviations,  is  directly  applicable  to 
multipair  cable,  particularly  with  the  increasing 
use  of  this  type  of  cable  at  high  frequencies  for 
digital  transmission.  However,  the  main  limitat- 
ion which  a cable  imposes  on  the  regenerator  span 
is  due  to  its  crosstalk  performance  and  the  con- 
cept of  the  coupling  of  signal  from  one  line  to 
another  via  a coupling  function  which  is  dependent 
on  physical  and  geometrical  properties  only  is  of 
great  utility  in  relating  the  resultant  electrical 
performance  with  the  physical  structure  of  the 
cable.  This  will  be  illustrated  by  applying  the 
theory  to  the  case  of  far  end  crosstalk  ratio 
between  two  pairs  due  to  propagation  on  a third 
circuit,  the  "earth"  surrounding  the  two  pairs 
in  question. 

8.1  Balanced  and  longitudinal  transmission 

4 

Judy  and  Refi  have  studied  the  problem  of 
transmission  on  a pair  with  a nearby  earth 
composed  of  a screen,  sheath  or  other  cable  pairs. 
Assuming  all  parameters  are  invariant  with  length, 
the  wire-earth  voltage  for  each  wire  of  the  pair 
is  a summation  of  two  travelling  waves  with 
differing  propagation  coefficients.  The  differ- 
ence of  these  voltages  is  the  transverse  or 
balanced  transmission  voltage,  while  the  sum  is 
the  longitudinal  voltage,  wherein  there  is  current 
flow  in  the  earth  circuit.  If  the  pair  is 
perfectly  balanced  to  earth,  the  balanced  voltage 
contains  only  one  propagation  coefficient,  rb> 
while  the  longitudinal  contains  the  other,  yt. 
Further,  if  balanced  excitation  is  used,  the 
longitudinal  component  is  zero.  However,  if  the 
pair  has  any  unbalance  to  earth,  for  balanced 
excitation,  the  balanced  signal  contains  both 
propagation  coefficients  while  a longitudinal 
signal  (with  both  propagation  coefficients)  also 
propagates.  The  presence  of  the  two  components 
in  the  balanced  signal,  one  with  Yb>  the  other 
with  Yt,  creates  a "beat"  in  the  insertion  loss 
and  phase  versus  frequency  of  the  pair  which 
appears  as  a damped  ripple,  with  an  insertion  loss 
peak  occuring  first.  The  frequency  at  which  this 
peak  occurs  is  Inversely  proportional  to  the  len- 
gth of  the  line  and  the  difference  in  propagation 
time  per  unit  length  for  pure  balanced  and  pure 
longitudinal  transmission.  In  dealing  with  cross- 
talk arising  from  the  longitudinal  signal,  Judy 
and  Refi  drop  their  analytic  model  in  favour  of  a 
heuristic  model.  However,  the  analytic  model  can 
be  extended  to  cover  this  case  by  using  the 
coupled  line  concepts  introduced  earlier. 


m 


For  a pair  with  unbalance  to  earth  represen- 
ted by  two  constants  K^'and  Kt',  excited  in  the 
balanced  mode  at  n«0  by  equal  and  opposite  current 
generators  to  earth  from  each  wire,  the  longitud- 
inal current  can  be  shown  (by  an  extension  of  the 
theory  of  Ref1*)  to  be  : 


- . . V (2+V>  -Ayn^-vbn 

° 2 - K/+Y  (1  - e )e 

where  Ay  = yt  - y^ 

If  n is  very  small. 


(8-1) 


I,  (n) 
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(2  + K^') 


V 


+ K„ 


(Ayn)e-Ybn 


(8-2) 


As  far  end  crosstalk  ratio  is  being  considered, 
the  e-Ybn  term  is  transparent  and  will  be  omitted 
from  here  on.  As  equation  (8-2)  is  now  proport- 
ional to  n,  if  propagation  in  the  balanced  mode  is 
considered  affected  only  to  the  extent  of  a change 
in  the  effective  yy,  (c.f.  the  coaxial  case),  then 
the  longitudinal  current  at  any  point  x can  be 
written  as 


Vx) 


/ Kb'(2+K*,)  AY  e-^-^dn 

n-0  2-V+V  (8-3) 


where  in  (8-3)  n has  been  replaced  by  dn  thereby 
making  the  approximation  in  equation  (8-2)  valid. 
The  inclusion  of  the  phasing  term  in  (8-3)  results 
in  it  being  valid  for  all  lengths  x.  Furthermore, 
there  is  now  no  restriction  that  the  line  param- 
eters be  invariant  with  r\.  Consequently,  the 
unbalance  constants  can  be  replaced  by  a "coupling 
density"  function  in  a similar  manner  to  the  way 
in  which  a reflection  density  function  was 
proposed  for  the  coaxial  cable  case. 


disturbing  pair  appears  as  a longitudinal  current 
in  the  wire-wire-earth  circuit  of  the  disturbed 
pair.  Whereas  for  the  disturbing  pair  in  a length 
dn , an  increment  AyKTL(n)dn  was  added  to  the  long- 
itudinal current , in  a length  d£  an  increment  of 
ratio  AyKLT(?)d?  is  coupled  from  the  longitudinal 
current  to  form  a balanced  current  increment  in 
the  disturbed  pair.  In  the  same  manner  as  for  the 
disturbing  pair,  a perfectly  balanced  disturbed 
pair  will  have  no  coupling  from  a longitudinal 
current  to  a balanced  current.  Consequently,  the 
far  end  crosstalk  ratio  after  a length  L due  to 
third  circuit  propagation  is 


FEXTR3  = Ay2  / / K_  (n)K.T(  £)e’ilr( £_n)d£dn 

n-0  u± 

(8-5) 

where  there  are  no  functional  restrictions  on 
kLT( n ) or  kTl(?)- 

It  is  informative  to  evaluate  (8-5)  for  two 
special  cases,  namely,  constant  coupling  with 
length  and  purely  random  coupling,  in  order  to 
determine  the  degradation  of  this  third  circuit 
crosstalk  with  both  frequency  and  length.  Oakley 
and  Jaar  have  previously  presented  such  results 
for  direct  pair-to-pair  crosstalk. 

8. 3 Constant  Coupling  with  Length 


Let  K^tn)  = Kx  for  all  n, 
Klt(5)  = K2  for  all  5 

L _ 

then,  FEXTR3  = Ay2K..K_  I / e' 
1 d n=0  c=n 


(8-6) 


-Ay( C-n) 


dtdn 


AyK^L  + 


K1K2  (e"AYL~1) 


Therefore 


= AyKjKgL  for  long  lengths  L 


IL(x)  - Ay  KTL(n)e’4lr(x"n)dn 


( 8—U) 


* (t,  / u ♦ ji2  ujKjiy, 


(8-7) 


where  Kip^n)  is  the  coupling  density  function  from 
transverse  to  longitudinal  propagation.  Dimens- 
ional changes  in  the  line  strongly  affect  Ky,’  and 
Kj ' and  hence  KTL(n);  however,  the  effect  on 
Yb  and  is  small,  and  consequently  they  will  be 
considered  invarient  with  length.  Furthermore, 
KTL(n)*s  Yery  close  to  being  real  and  independent 
of  frequency,  u. 

8.2  Third  Circuit  Crosstalk 

Consider  now  a second  pair  in  the  cable  which 
shares  the  same  earth  as  the  above,  or  disturbing 
pair.  The  longitudinal  current  produced  by  the 
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where  8. ( and  are  constants.  (8-7)  shows  that 
FEXTR  deteriorates  at  the  rat*  of  20  dB/decade 
with  length,  10  dB/decade  with  frequency  for  the 
in  phase  conqionent  and  20  dB/decade  with  frequency 
for  the  quadrature  component. 

8.U  Random  Coupling  with  Length 

For  the  case  of  random  coupling  with  length, 
KTL(n)  and  Klt(0  become  sample  functions  from 
two  random  processes.  However,  for  the  purpose 
of  calculating  the  degradation  of  crosstalk  with 
length  and  frequency,  no  loss  of  generality  is 
sufferred  by  assuming  them  to  be  sample  functions 


of  the  one  process.  Taking  the  ensemble  average. 


E|FEXTR3| 


Ay2 


L L 


/ / E|KTL(n)KI,T(e)|e 

n=0  C'n 


-AyU-h) 

dtdn 


L L-n  ~ 

= Ay2  / / / 

n=0  x=0  v=-» 


Pxk  (v)e^2vxdv 


e-AYXdxdn 


(8-8) 

where  F*kk ( v ) i s the  power  density  spectrum  of  the 
coupling  process,  Ktl(o).  (8-8)  is  valid  for  any 
power  density  spectrum.  One  spectrum  often 
assumed  is  a flat  power  spectrum,  corresponding 
to  no  correlation  between  couplings.  This  is 
given  by  : 


PkkM  = 1(2  for  8X1  v 

• i^2  __ 

. . FEXTR3  = U 2 cm -£  2u2+2Jit, /~3l. )L 

(8-9) 

Once  again  the  crosstalk  is  degraded  £0  dB/decade 
with  length  while  the  in  phase  component  degrades 
at  Uo  dB/decade  with  frequency  at  high  frequencies 
(i22u2  >>  t i2u) , with  the  quadrature  component 
degrading  at  30  dB/decade  with  frequency.  At 
high  frequencies  this  results  in  an  effective 
crosstalk  degradation  of  Uo  dB/decade  with 
frequency  which  agrees  with  results  measured  by 
Judy  and  Refi  by  their  heuristic  model  assuming 
constant  coupling.  This  result  would  suggest 
that  the  random  coupling  is  a more  valid  model, 
and  is  the  one  normally  assumed  with  direct 
pair-pair  crosstalk.  However,  whereas  with 
direct  pair-pair  crosstalk  the  assumption  of 
random  coupling  gives  a degradation  of  10  dB/ 
decade  with  length  as  compared  with  20  dB/decade 
with  length  for  constant  coupling,  the  third 
circuit  crosstalk  deteriorates  at  20  dB/decade 
with  length  irrespective  of  the  nature  of  the 
coupling.  It  is  believed  that  this  result  is 
supported  by  the  mean  value  achieved  by  Judy 
and  Refi  of  5.3  dB/octave  (19.3  dB/decade),  with 
the  spread  they  observed  being  due  to  two 
factors : 

(a)  the  statistics  of  the  random  process 

(b)  the  influence  of  direct  pair-pair 
crosstalk  sunning  with  third  circuit 
crosstalk. 


related  to  reflection  coefficient,  while  the 
latter  is  related  to  the  size  of  the  impedance 
deviations  in  a proposed  model  of  the  irregular 
cable.  The  question  of  cable  measurement  is 
also  considered  in  order  that  cable  performance 
can  be  accurately  predicted. 

The  theoretical  concepts  introduced  for  the 
coaxial  cable  case  are  valid  for  the  study  of 
transmission  distortion  on  a wider  range  of 
cables.  This  is  illustrated  by  considering  the 
case  of  third  circuit  crosstalk  in  symmetric 
pair  cable.  The  dependence  of  this  form  of 
crosstalk  on  the  length  of  the  cable,  the 
frequency  being  considered  and  on  the  form  of 
the  power  density  spectrum  of  the  coupling  process 
has  important  implications  for  manufacture. 
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9.  CONCLUSION 

In  this  paper,  a complete  theory  of  trans- 
mission distortion  on  an  irregular  coaxial 
cable  has  been  presented.  The  theory  is  valid 
for  any  form  of  irregularity  process  as  the 
description  is  in  terms  of  its  power  density 
spectrum.  Attenuation  deviation  is  directly 
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APPENDIX  1 


This  appendix  outlines  the  derivation  of 
equation  (3-2)  which  gives  the  increase  in  atten- 
uation on  line  0 at  x for  a cable  of  length  L,  due 
to  coupling  to  line  1. 

Equation  (3-2)  is  simply  an  expression  of 
conservation  of  energy  in  a length  dx  situated  at 
x.  For  line  0 the  input  power  at  x is  P, , while 
the  output  power  at  (x+dx)  is  Pg.  Line  0 loses 
power  P3  due  to  normal  attenuation.  The  power 
coupled  from  line  0 to  line  1 is  Pj.  Conservation 
of  power  for  line  0 requires  : 

P1  * P2+P3+P7 

For  line  1,  the  power  entering  dx  at  (x  + dx) 
is  Pj,,  while  the  power  leaving  dx  at  x is  P5. 
Normal  attenuation  on  line  1 causes  a loss  of  Pg 
while  coupling  from  line  1 to  line  2 causes  a loss 
of  Pq.  Consequently  energy  conservation  requires 
for  line  1 that  : 

pU  ♦ p7  ‘ P5  * p6  + P8- 

Pj,  Pj  and  P3  are  evaluated. from  propagation 
on  the  uniform  line  0;  Pj,,  P5,  Pg 'ahd''5hL..are 
related  to  line  0 powers  by  the  reflection  co-  - 
efficient  o(L,x).  Consequently, 


• P7  * P1  * P2  * P3  = P5  * ?k  * PJ5  + P8 
which  leads  to  equation  (3-2). 
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Summary 

To  make  an  ultra -high  speed  wire  coating  pro- 
cess with  stabilized  operations,  the  following  technical 
problems  on  a cross -head  die  are  discussed. 

One  is  the  development  of  a cross -head  die,  which  is 
least  liable  to  melt  instabilities  such  as  a melt  frac- 
ture and  minimize  the  back  tension  exerted  on  the 
running  wire  and  another  is  a self-centering  die  which 
needs  no  centering  process  between  a bare  wire  and 
an  insulation  material.  In  order  to  design  and  develop 
the  above  equipments,  the  relative  equations  to  esti- 
mate the  melt  properties  of  polymers  and  the  die 
geometries  must  be  established.  However,  no  signifi- 
cant useful  attempts  have  been  made  to  calculate  such 
relations.  In  view  of  the  above,  numerical  analyses  of 
viscous  flow  in  a wire  coating  die  are  presented  with 
parameters  which  are  estimated  easily  on  the  actual 
manufacturing  processes.  The  velocity,  the  pressure 
distributions  and  the  tension  on  wire  along  die  are 
evaluated  with  varying  combinations  of  the  die 
geometry  and  the  running  speed  of  the  wire.  Calculat- 
ed results  indicate  that  the  stabilizing  flow  behaviors 
in  the  die  land  and  the  lowering  of  the  reduction  ratio 
are  essential  to  realize  the  high  speed  coating.  As  an 
example  of  application  of  the  flow  analyses,  one  of  the 
Furukawa's  self-centering  die,  which  was  developed 
in  consideration  of  the  hydrodynamic  forces  on  the" 
wire  and  flow  properties,  is  presented. 

I.  Introduction. 

Recent  improvement  for  the  speed  in  wire  coat- 
ing process  is  remarkable  and  it  is  reported  that 
3000  m/mia.  is  accomplished  in  the  laboratory1!.  The 
increase,  however,  in  the  extrusion  speed  has  raised 
several  important  problems:  1)  to  prevent  from  melt 
fracture  phenomenon  occuring  on  the  surface  of  an 
extruded  wire,  2)  to  prevent  from  the  reduction  in 
conductor  diameter  caused  oy  the  increase  of  back 
tension  working  on  a running  wire  in  a cross  head  die, 

3)  to  develop  and  design  a fixed  die2),  which  requires 
no  centering  operations  between  a wire  and  an  insulation 
material.  In  order  to  solve  these  problems,  it  is  im- 
portant to  make  clear  the  relation  between  melt  flow 
properties  and  die  duct  geometries  and  to  develop  a 
new  cross  head  die  suitable  for  such  a high  speed 
Insulation.  However,  we  have  not  seen  any  successful 
report  on  practically  usefull  equations  to  evaluate 


and  review  the  melt  flow  properties  in  insulation  die, 
with  existence  where  a substance  like  wire  is  running. 
So,  most  of  dies  and  nipples  used  in  manufacturing 
plants  are  produced  away  from  optimum  design. 

This  report  describes:  i)  Exploration  of  die 
duct  geometries  suitable  for  high  speed  insulation, 
ii)  Introduction  of  relative  equations  on  flow  proper- 
ties inside  of  die  head  by  utilizing  the  practical  para- 
meters which  enables  us  to  evaluate  on  manufacturing 
field,  as  a first  step  to  make  clear  the  relation  ship 
between  processing  and  melt  flow  at  wire  coating 
process,  iii)  Simulation  using  practical  die  geometry. 
Alos,  we  discuss  fixed  die  which  was  developed  as  the 
actual  application  of  these  analyses. 

2.  Analysis. 

2.1  Background1 

It  is  very  difficult  to  get  exact  solution  which 
indicates  the  flow  behaviors  in  a wire -coating  die. 

One  reason  is  that  a flow  pattern  in  a die  is  one  of 
non-Newtonian  fluid  in  a conical  tube,  for  which  com- 
plete analytical  function  has  not  yet  been  obtained. 
Another  reason  is  the  existence  of  running  wire  in  the 
die  that  makes  analysis  much  more  difficult.  There- 
fore, as  far  as  the  authors  know  no  papers  for  the 
exact  solution  regarding  these  problems  have  not  yet 
been  published.  Some  trials  to  get  approximate 
solution  are  reported,  but  they  are  not  convenient  and 
practical  to  be  used  in  manufacturing  fields  by  engine- 
ers. In  introducing,  the  relative  equation  for  the 
analysis  of  flow  in  a cross  head  die,  we  consider  two 
important  factors.  First  is  the  capability  of  evalua- 
tion at  manufacturing  fields.  Second  is  the  conveni- 


62 


ence  and  practicability  of  expression.  We  made 
analysis  on  the  models  and  assumptions  that  will  be 
stated  hereinafter. 

2.2  Assumptions 

(1)  In  order  to  analyze  the  flow  in  a coss  head  die 
during  wire  coating  process,  die  tube  was  divided  into 
two  parts,  as  shown  in  Fig.  t,  according  to  the  differ- 
ence in  the  driving  forces  which  malce  the  flow  to  run. 

(i)  Path  enclosed  by  a die  and  a nipple.  (Flow  is 
assumed  to  be  pressured  flow.) 

(ii)  Path  enclosed  by  a die  and  a wire.  (Composite 
flow  of  pressured  flow  and  drag  flow.) 

As  these  two  tubes  are  actually  a continuous  tube,  it 
is  considered  that  moving  liquid  within  these  tubes  are 
influencing  each  other.  Here,  to  make  analysis  easier, 
we  assume  that  each  flow  goes  through  die  tubes  which 
are  independent  of  each  other. 

(2)  When  we  make  a model  of  flow,  we  neglect  the 
non -steady  flow  which  is  induced  by  the  90  degree 
change  in  the  flow  angle  which  comes  from  extruder 
to  the  cross  head.  We  consider  the  flow  to  be  homo- 
geneous and  uniform. 

(3)  Flow  in  the  path  enclosed  by  a die  and  a nipple 
is  actually  the  flow  within  non-parallel  but  concentric- 
ally tapered  tubes.  However,  as  shown  in  Fig.  2,  at 
minute  sections  which  are  equally  divided  in  the  direc- 
tion of  flow,  the  influence  of  the  difference  in  the  angle 
between  taper  ange  x of  die  and  taper  angle  ft  of 
nipple  and  the  difference  between  £ and  ft  , to  the 
flow  is  negligibly  small.  The  ratio  of  the  gap  He  bet- 
ween the  die  and  the  nipple  to  the  radius  of  curveture, 
Hc/rc,  is  about  0.2.  So  the  influence  of  side  wall  of 
the  duct  to  the  flow  can  be  neglected.  On  these 
premises,  we  assume  the  flow  to  be  the  one  between 
two  parallel  planes. 

(4)  The  flow  in  the  path  enclosed  between  the  die 
and  the  wire  is  assumed  to  be  the  flow  through  the 
area  enclosed  by  the  following  two  planes.  One  plane 
is  a tilted  plane  with  angle  n from  the  flow  direction. 
Another  plane  is  a parallel  plane  to  the  flow  direction 
and  is  moving  at  the  speed  V0.  As  is  the  same  with 


previous  flow,  within  minute  sections  devided  along 
the  direction  of  flow,  the  influence  of  die  wall  angle  « 
to  the  flow  is  small.  Hc/rc  ration  is  0.2  to  0.5.  Hence 
we  can  assume  the  flow  to  be  the  one  between  the  two 
paralled  planes  similarly  above  mentioned. 

(5)  The  flow  is  nonelastic,  non-Newtonian  liquid 
which  composed  isothermal,  incompressible  and 
steady  flow. 

(6)  Body  forces  such  as  gravity  are  neglected. 

(7)  Slip  in  the  flow  on  a duct  wall  and  on  a wire 
is  neglected. 

(8)  Centers  of  the  die,  nipple  and  wire  are  on  the 
same  line.  As  was  stated,  flow  is  axially  symmetric. 


2.3  Motion  equations 

Based  on  the  aforesaid  assumptions,  the  die  tube 
of  Fig.  2 is  considered  to  be  the  path  between  the  two 
parallel  planes  as  shown  in  Fig.  3.  We  introduce  the 
x-y-z  cartesian  coordinates.  (It  is  general  to  take  x 
axis  parallel  to  the  nipple  wall  for  the  flow  between 
the  die  and  the  nipple.  But  in  this  analysis,  x axis  is 
on  the  wire  as  is  the  same  as  the  case  of  the  area 
between  the  die  and  the  wire.  By  doing  this,  it  be- 
comes possible  to  evaluate  relative  relationship  bet- 
ween inlet  of  the  path  between  the  die  and  the  wire  and 
the  exit  of  the  path  between  the  die  and  the  nipple.) 

In  this  case,  minute  sections  divided  equally  in  the 
direction  of  flow  are  regarded  as  those  between  two 
parallel  planes.  Velocity  components  in  the  direction 
of  y,z  coordinate,  which  is  perpendicular  to  flow,  are 
quite  small  compared  to  the  velocity  component  in  the 
direction  of  x.  If  the  velocity  component  of  the  flow 
direction  is  independent  to  z coordinate,  speed  V is 
expreseed  as  follows. 

Vx  - V(  x , y ) ,Vy  -V.  -0  111 


X component  of  the  well-known  motion  equation  and 
the  continuous  equation  are  represented  as  follows. 


-<??>  f>+'- 
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Fig.  2 Cross  section  of  wire  coating  die,  consist- 
ing of  two  convergent  channels;  (A)  clearance 
between  die  and  nipple,  and  (B)  clearance 
between  die  and  wire.  Die  consists  of  three 
tapered  parts,  having  angles  of  2a,  2 rand  2 <C 
each.  Taper  angle  of  nipple  is  2ft.  t in- 
dicates gam  space,  d,  D and  E are  radii  of 
wire,  die  exit,  and  coated  core,  respectively. 


Di  a x ay  az 
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Here,  ft  is  density,  D/Dt  is  substantial  derivative, 
is  pressure  gradient  of  the  flow  direction, 
rxx,  TyXj  rzx  are  stress  components  and  gx  is 
x component  of  body  force.  From  the  previous 
assumptions, 


DVx 

Dt 


-0 


» 


9 x -«  , O-o 


From  equations  (1)  and  (3) 


If  the  fluid  is  presumed  to  be  "power  law  fluid",  fol- 
lowing relationship  is  satisfied. 


n ~ 1 

„ ,dVx,  ,dVx. 

Txy'K  |— — | • (- ) 14) 

»y  *y 

(Where,  k and  n are  physical  parameters  of  non- 
Newtonian  fluid). 

Then,  motion  equation  (2)  will  become  as  this, 

dp  a , , avx,"  'avxy, 

•(— )>°  (5) 

ox  dy  dy  dy 


Notice  should  be  made  to  the  sign  of  d%x,  As  is 

clear  from  equation  (5),  the  sign  ofa%x  is  obtained 
by  derivation  of  shear  rate  by  y.  So  it  is  expressed  in 
absolute  value  for  convenience. 

In  solving  equation  (5),  pressure  gradient  is 

assumed  not  to  be  related  to  y-coordinate. 
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Fig.  3 Idealized  slit  channel.  Within  a narrow  sec- 
tion of  width  Ax,  the  die  wall  and  the  wire 
surface  are  both  assumed  to  be  flat  and 
paralled  with  each  other.  Coordinate  X is  in 
the  running  direction  of  wire. 


On  that  condition,  the  following  equation  is  derived 
by  integrating  the  equation  by  y using  integration 
formulae  of  a rational  function. 


. iClfPly+cO 

► -n  (V-  

n + I ' K ip 


d x 


+ c. 


(6) 


Where, d%x  -vO  ,C]  and  Cj  are  integral  constants. 

In  general,  integral  constants  C,  and  C2  can  be  decid- 
ed in  equation  (6).  But  because  of  several  reasons,  it 
is  difficult  to  decide  the  integral  constants  Cl  and  C2 
from  boundary  conditions  for  the  die  tube  in  question. 
For  example,  within  the  die  tube  enclosed  between  the 
die  and  the  nipple,  the  equation  to  deside  integral  con- 
stants becomes  infinitive  and  the  integral  constants 
cannot  be  decided,  (e.g.,  the  equation  which  satisfies 
Vx  = 0 at  y = h, , hz . ) In  case  of  tube  between  the  die 
and  the  wire,  it  is  in  principle  possible  to  obtain  Ci 
and  Cc  in  the  equation  when  Vx  ■ 0 at  y = h and 
Vx  = Vo  at  y = d by  utilizing  computer  aided  succes- 
sive approximation  method  such  as  the  Newtonian 
method  or  by  using  approximation  with  power  series 
expansion  method  such  as  the  Taylar  series  expansion. 
However,  mathematical  complications  like  convergence 
for  the  solution  or  uniformity  will  accompany  to  con- 
sidered to  be  practical.  Here,  we  propose  an  ap- 
proximate method  to  derive  Vx  from  equation  (5). 


Although  this  method  is  not  mathmatically  exact,  it  is 
useful  within  the  engineering  tolerance. 

In  equation  (5),  it  is  considered  that  shear  rate 
is  decided  almost  by  n-th  root  of  -£■  •§£  y . 

In  order  to  weaken  the  influence  of  this  assumption  on 
Vx,  the  following  function  C,  is  used. 


SVx 

dy 


-*(±'£1  y>" 


+ C, 


(7) 


The  sign  at  the  right  hand  side  is  +■  when 
or  - when  <0  In  this  equation  (7),  C|  is  actually 
the  variable  function  consisted  with  x,  y and  z.  In  order 
to  make  the  following  analysis  easier,  ci  is  assumed  to 
be  the  function  consisted  with  only  x and  constants  and 
does  not  include  y.  Then  we  can  get  the  following  rela- 
tive equation  by  integrating  both  sides  of  the  equation  by 

y. 


Vx 


n 4-1 

y + C|  y +C  j 


18) 


Here,  c2  is  an  integral  constant. 


Fig.  4 Geometry  of  convergent  narrow  channel  of 
die  heads. 


2.4  Flow  pattern  in  the  region  enclosed  between  die  and  nipple 


The  boundary  conditions  for  equation  (8)  are  Vx»0 
at  y-=hi  and  at  y-h2as  shown  in  Fig.  4.  In  this  case,  equa- 
tion (8)  is  expressed  as  follows. 


n 1 r-  1 « d P , r 

V*-*—  • — - -C-lrH]  C< h a_h  1 

1H1  h2_h  1 K x 


) y 


n + 1 »+l  i t 

+(h|  ” -h2~n~ )y-hih2(hln-|,2n)]  19) 

Where  hi  and  h2  satisfy  following  geometrical  relation- 
ships. 
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(i)  o<  t‘ 


h,  -r  +(  L'  -x  ) tan /I 


h 2 - Df  L Ian  a + (£-/'  ) tinT-t-(£' -x)  I an  y> 


^(2n4l)C0«V«mKE-d)Vo!Uh2-K|)y 


ID  t'<Z  x <.L' 


h,  - r + ( L/  - x ) tan^y 


h2  “ D-t-L  I and  f ( f-x  ) I an  T 


L-  is  the  value  which  does  not  have  practical 
meaning.  So  it  is  to  be  represented  by  e which  ex- 
presses the  distance  between  the  die  and  the  nipple  and 
is  of  practical  importance.  In  that  case,  L’  is  given  by 
the  next  equation. 

, /--(DSL  land) 

l - e - e — at 

I an  X 

In  equation  (9),  pressure  gradient  ( -|£-  ) in  the 
die  is  difficult  to  measure.  We  should  convert  this 
parameter  to  another  one  with  easely  of  measurement. 
In  case  of  the  model  flow  path,  shown  in  Fig.  3,  volume 
per  unit  width.  Q/Wi.  at  arbitrary  position  is 

Q rh, 

W,  Vx  dy  (IS 

In  case  of  an  actual  tube,  flow  path  width  varies 
with  x.  In  equation  (16),  the  definition  of  corrected  co- 
efficient of  flow  path  width  Co  is  introduced,  that  means 
the  correction  of  flow  path  at  slit  duct  used  as  model  to 
the  actual  tubular  duct. 

Q i ,*2 

/ Vxdy  (IB 

W Co  h| 

As  it  is  clear  from  Fig.  2,  Q/W  can  be  expressed 
by  the  insulator  extruded  from  the  die  as  eq.  (17).  defin- 
ing insulation  radius,  bare  wire  radius  and  wire  speed 
as  E,  d and  Vo  respectively. 


^ (E-d  >Vo 


Here.  is  the  melt  polymer  density  at  temper- 
ature T°C.  />m  is  given  by' the  equation  derived  from 
experiments. 


+ (hi  h2  )y-hih2(h1  -|,2  )) 

■ G 

rrf  i n+i  i i 

(lij-li,  )((h,  -h,  >(h,B+h,  " ) -2n  ht  h2(  h."  - ,,2"  )) 

Shear  rate  rn  ,s  given  by  rn=  So  from 


equation  (20), 


JL  11  1 _P+1 


2(2nt  l)CoU'V>m)(E-d)Vol(?— -(h2-h,)y"-Hi,  "-h,  " ) 


<h*-h|)CChi“  hs>Clii  Hi,  )-2nhih2(h,  — (12)) 

From  the  relationship  given  in  equation  (19),  pres- 
sure P is  given  by,  for  example,  approximation  method 
of  Runge-Kutta  Method.  Corrected  coefficient  of  flow 
path  width  Co  is  determined  by  pressure  P and  the  pres- 
sure around  the  inlet  of  the  cross  head  die  which  is 
derived  from  expriments.  Shear  stress  Txy  within  the 
die  tube  can  be  calculated  by  equation  (4),  where  the 
shear  rate  given  by  equation  (2)  and  the  material  para- 
meter K of  non  Newtonian  fluid  derived  from  experiences 
are  used. 

2.S  Flow  pattern  in  the  duct  enclosed  between  die  and  wire 

Boundary  conditions  for  the  duct  shown  in  Fig.  4 are, 

Vx  = 0 at  y = h(x) 


With  regard  to  h(x),  parameters  are  changed  by  the 
relationship  shown  in  Fig.  4: 

011)  l'<  e 

h(x)  -Dl  L lana  + ( f-x  ) tan T 
(IV)  + L 

h(x)  - D-t-  ( / -L-x  ) tana 

In  this  case, equation  (8)  is  expressed  as  follows 


«L  nil  "+1  “n-  — n- 

v'-±T.c^nnc*  n-h  " (,-»>£*(„) 


From  equation  (16) 


«m-(  t^seeiossecr-^ojxto’’)'1 

From  equation  (9).  (16)  and  (17) , 


JLr±\i£\  7"  = 2(  2n+l  )C.  ( p/pm)  ( E-d  ) Vo 

n + 1 K dx  n-H  n * 1 j_  * 

Ol2-h|)Uh|-tl2)(ll|  +1,2  ) —2n h ihydl,  — h,  )) 

From  aquation  (9),and  (19),  Vx  is  given. 


1 ( 2n-t-l  ) (Vo(h“tl  )-2Co^  ) 

n+CK  dx  J 2n  H 2n+l  7 T~ 

n n n n . 

Ii  -d  — (2n+l)dh(h  -d  ) 

If  dimensionless  factor  t =h/d  Is  introduced  to  make 
calculation  easier.  Vx  of  equation  (24)  is  expressed 
as  follows. 

jj+1  — 

Vx--^—  |Fo(l  " -I  >.*"(«-*>  + 


(l+Fo«.  " -DKl-l)  } Vo 


•*—  - \w  ’■*-»•••••• 
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Ft  is  non  dimentional  factor  which  satisfies  the 
next  equation. 


Fo  - 


(2n+l  )0-t-2Co(—  )(-^-l  )] 

d 

2nH  J_ 

* -1  - ( 2n  + l )*  " -I  ) 


(27) 


From  equation  (26),  shear  rate  fo  is  given  by 
next  equation. 

n-M 


(28) 


Calculation  of  pressure  P and  shear  stress  rxy 
is  the  same  as  in  the  previous  case. 

2.6  Back  tension  due  to  running  a ae  in  a die 

Tension  produced  on  running  wire  in  a die  is  de- 
cided by  the  relative  relationship  between  the  speed  of 
a wire  and  a melt  poymer.  If  the  running  speed  of  wire 
is  faster  than  that  of  fluid,  the  flow  of  melt  polymer 
obviously  hampers  the  run  of  wire.  So  the  tension  will 
work  on  wire  in  a way  to  prolong  the  wire  toward  the 
running  direction.  This  kind  of  tension  will  be  gene- 
rated not  only  in  the  cross  head  die  but  also  in  the  cool- 
ing through,  in  the  capstan  or  in  the  take  up  area.  How- 
ever, these  tensions  generated  in  the  later  processes 
are  less  than  half  of  that  occurs  in  the  die  head.  In  order 
to  obtain  the  tension  generated  at  the  die.  as  a first  step, 
it  is  necessary  to  obtain  the  shear  stress  which  works 
on  wire.  At  previous  analysis,  shear  rate  r of  the  run- 
ning wire  within  the  die  is  obtained  from  equation  (28) 
by  putting  F*  = 1 

it+i 

l+Fo(»  n-i ) 


rw-C(  — >*.+  ■ 


>'vf 


(29) 


Both  from  equations  (4)  and  (29).  shear  stress  7Wj 
working  on  a wire  can  be  calculated  from  k 7wn  lrw_ 
When  we  consider  the  total  balance  of  power  working 
on  the  minute  section  which  is  open  equally  through 
the  flow  direction,  and  make  shear  stress  at  the  wire 
surface  to  be  Twr  and  tension  there  to  be  ^T. 


AT  - -2  ad  • Ax  - r 


(30) 


Total  length  of  the  wire  which  goes  through  the  die 
is  L>1— L'  as  can  be  seen  in  Fig.  4.  Making  divided 
wideth  to  be  m.  and  »(L+#  — L'  )/m,  the  increment 
of  tension  -^T  at  the  i-th  minute  section  is  given  by 


-K  2ad’"  (lbliil).[(lLL)Fo- 


n-M 

)+Fo(F 


I - P 


i2]n. 


Vo  (31) 


Then  tension  T which  is  produced  throughout  a 
. ross  head  is  calculated  by  following. 

N 

7 • S ,T. 


(32) 


3.  Calculations . 

Followings  are  the  examples  of  calculation.  Equa- 
tions which  have  been  introduced  by  previous  analysis 
were  used.  FACOM  230-58  was  used  for  calculation. 
Cutting  length  is  0.05cm.  Table  1 is  the  flow  chart 
which  is  used  for  calculation.  Non-Newtonian  melt  vis- 
cosity K becomes  necessary  for  calculation.  It  is  meas- 
ured by  attaching  special  designed  Rheometer  at  the 
head  of  common  extruder.  With  this,  it  is  possible  to 
measure  the  value  even  when  shear  rate  is  over  104 
sec’1.  K is  obtained  from  experimental  data.  Then 
calculation  is  conducted.  One  example  of  flow  curve  is 
shown  in  Fig.  5.  Table  2 shows  the  geometric  para- 


Table  1.  Flowchart  of  computer  program  for  wir»coating  die 


suits.  However  this  result  is  considered  to  be  reason 
able  when  considering  past  experimental  examinations 
of  insulation.  That  is,  geometric  parameters  of  the 
duct  between  the  die  and  the  nipple  will  not  greatly 
influence  extrusion  properties  (such  as  extruded  sur- 
face roughness,  pressure  profile  in  die,  reduction  in 
bare  wire  diameter  and  so  on). 


meters  of  the  die  and  the  nipple  used  for  the  calculation 
and  the  operating  conditions.  Insulation  material  used 
for  the  calculation  is  high  density  polyethylene  for  tele- 
communication wire.  MI=0.4  (g/10  min.)  and  density* 
0.945  g/cm^. 


Velocity  Distribution 

Calculator!  From  Eq.  (201 


APPARENT  SHEAR  RATE  {sac*') 


NIPPLE 


Fig.  5 Flow  curve  of  high  density  polyethylene  for 
wire  insulation  (MI  0.4g/10min.,  density 
0.945g/cmJ)  at  240°C.  Measurements  were 
made  with  a capillary  rheometer  having 
length -to -diameter  ratio  of  30,  and  dia- 
meter of  1.00mm. 
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Fig.  6 Axial  velocity  profiles  in  convergent  cha- 
nnel between  die  and  nipple,  calculated  from 
eq.  (20)  at  Vo  = 1,300m /min.  . 

Based  on  the  assumption  of  the  independent  flow 
path  employed  for  our  analysis  (assumption  is  that  two 
paths  are  independent  of  each  other  and  they  are  con- 
nected in  such  a way  as  only  to  satisfy  the  continuous 
equation),  influence  of  the  drag  flow  due  to  wire  running 
to  the  flow  patten  is  not  taken  into  account.  Actually,  the 
flow  near  the  exit  of  nipple  differs  greatly  from  calcu- 
lated results.  Results  of  calculation  on  the  other  flow 
pattern  between  the  die  and  the  wire  is  important.  Fig. 

7 is  one  example.  Flow  pattern  at  the  exit  of  the  nipple 


APPELLATION 


VALUE 


1.000  cm 
0.650  cm 
0.700  cm 

3.0  deg. 


Power  Law  Index 


RESIN 


Density 


Dle~Nipple  Clearance 
Wire  Velocity  


1300  m/min. 


Velocity  Distribution 

Calculated  From  Eq.  (261 
D/E  - 1 .060 
Vo-  1300  m/min. 
Co-  1.0 


Table  2 Geometric  parameters  of  wire  coating  die. 


4.  Discussion 


4.1  Velocity  profiles  in  wire  coating  die 

Fig.  6 shows  the  velocity  distribution  in  the  path 
between  the  die  and  the  nipple  at  the  cross  head  die. 
Fig.  7 shows  the  calculated  result  of  velocity  distribu- 
tion within  the  path  between  the  die  and  the  wire. 

First,  as  to  the  results  of  calculation  of  the  flow 
in  the  path  between  the  die  and  the  nipple,  interesting 
major  change  was  not  observed  even  when  geometrical 
parameters  of  both  die  and  nipple  were  changed  within 
practical  limitation.  We  could  not  get  interesting  re- 
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Fig.  7 Calculated  axial  velocity  profiles  in  3 -deg. 
convergent  channel  between  die  and  wire. 


DIE 

Exit  Radius 

Land  Length 

2nd  Taper  Length 

3rd  Taper  Length 

Land  Tap.  Semi  angle 

2nd  Tap.  Semi  angle 

3rd  Tap.  Semi  angle 

NIPPLE 

Exit  Radius 

Taper  Semi  angle 

Wire  Radius 

Insulation  Radius 

is  different  from  that  at  the  exit  of  die.  Back  flow  oppo- 
site to  the  flow  directions  was  observed  at  certain  length 
from  the  exit  of  the  nipple  to  that  of  the  die.  The  flow 
between  the  die  and  the  wire  is  considered  to  be  com- 
posed of  pressure  flow  and  drag  flow.  Former  is  cause 
by  a pressure  difference  generated  in  the  flow  path  of 
the  extruder  itself  and  at  the  exit  of  the  die.  The  latter 
is  generated  by  the  running  of  wire  in  the  die.  This  kind 
of  flow  is  similar  to  the  flow  pattern  in  a duct  of  screw. 

It  is  well  known  that  under  certain  conditions  back  flow 
is  generated  in  duct  of  a screw  due  to  the  back  pressure 
on  fluid.  On  the  analozy  of  this  example,  it  is  possible 
to  have  back  flow,  as  is  indicated  by  calculation,  in  the 
flow  path  between  the  die  and  the  wire  at  the  wire  coat- 
ing process.  Because,  back  pressure  may  be  generated 
depending  on  the  driving  force  which  runs  through  the 
path.  Fenners  et  al5>,  who  had  made  analysis  on  a 
tubing  die,  suggested  the  existence  of  back  flow.  It  is 
rather  difficult  to  define  the  flow  pattern  experimental- 
ly within  a wire  coating  die.  because  of  the  mechanism 
of  a cross-head  die  that  we  are  using  now.  For  example, 
it  is  necessary  to  devise  the  mechanism  which  enables 
one  to  measure  the  pressure  drop  along  die.  At  pre- 
sent. however,  confirmation  of  the  back  flow  is  im- 
possible. 

Flow  pattern  in  the  section  is  fourfold  as  is  shown 
in  Fig.  7.  These  flow  patterns  can  be  decided  by  the 
sign  of  a pressure  gradientdp4xand  radial  gradient  of 
the  shear  rate.  These  flow  patterns  show  strong  tend- 
ency of  dependence  on  die  geometries.  We  obtained  the 


following  results.  The  flow  within  a dieland,  which  is 
from  the  exit  of  a nipple  to  that  of  a die,  will  depend 
largely  on  reduction  ratio  D/E.  This  D/E  is  defined  by 
the  ratio  between  radius  of  die  exit  D and  radius  of  insu- 
lated wire  E. 
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Fig.  8 Calculated  axial  velocity  profiles  in  3 -deg. 
convergent  channel  between  die  and  wire. 

4.2  Reduction  ratio  and  velocity  profile 

In  the  operation  of  extrusion  for  insulation,  ex- 
trusion properties  vary  greatly  by  die  geometries. 
Among  these,  reduction  ratio  D/E  is  the  most  import- 
ant factor  for  the  extruder  design.  In  order  to  infer  the 
influence  of  D/E  ratio  to  extrusion  properties,  we  ex- 
amined the  relation  between  reduction  ratio  D/E  and 
velocity  profile.  Calculation  results  for  velocity  profile 
at  a dieland  area  differ  from  the  case  of  reduction  in 
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the  form  of  D>E  to  the  case  of  D<  E.  Former  is  snown 
in  Fig.  7 and  the  latter  in  Fig.  8. 

This  indicates  the  possibility  of  back  flow  up  to 
the  area  adjacent  to  the  exit  of  a die  when  larger  reduc- 
tion is  given  at  the  time  of  the  extrusion.  The  flow  pro- 
file. when  D/E  ratio  is  increasing,  is  that  the  maximum 
speed  of  fluid  on  an  arbitraly  section  occurs  on  wire. 

On  the  contrary,  if  the  operation  is  conducted 
without  reduction,  the  influence  of  pressure  flow  which 
acts  the  wire  pulling  to  the  running  direction  increases, 
and  pressure  flow  becomes  dominant  in  the  flow  profile 
gradually.  Maximum  speed  of  flow,  which  occurs  in  the 
middle  of  the  gap  between  the  wire  and  the  die  wall, 
becomes  much  faster  than  wire  running  speed. 

4.3  Pressure  drop  profiles 

Calculated  pressure  drop  along  die  is  quite  com- 
plex. As  shown  in  Fig.  9,  in  the  flow  path  between  the 
die  and  the  nipple,  pressure  decreases  monotonously 
and  becomes  minimum  at  the  exit  of  the  nipple.  How- 
ever, as  it  is  clear  from  the  calculated  velocity  profile, 
hack  pressure  works  from  the  exit  of  the  nipple  to  the 
exit  of  die.  So  the  part  of  a flow  becomes  back  flow  and 
the  pressure  becomes  maximum  just  before  the  exit  of 
die.  Then  it  changes  to  positive  pressure  with  steep 
pressure  gradient,  which  forces  wire  to  push  out  to  the 
exit  of  die.  and  then  pressure  drops  toward  the  atmos- 
pheric pressure  with  rapidity.  In  case  of  calculated 
example,  we  indicated  the  case  where  corrected  coef- 
ficient of  flow  path  width  Co  equals  to  one.  When  Co 
equals  to  one.  culculated  absolute  value  of  pressure  is 
1/3  to  1/4  smaller  than  the  value  we  usually  have  ex- 
periences. The  reasons  are  twoholds.  (i)  We  assumed 
that  the  initial  condition  for  the  pressure  is  that  pres- 
sure at  the  exist  of  die  equals  to  the  atmospheric  pres- 
sure ...  (Po  = 0).  But  actually,  it  is  probable  that  a 
certain  degree  of  residual  pressure  still  remains. 

(ii)  It  this  analysis,  we  used  slit  channel  as  model. 


Fig.  10  Calculated  maximum  pressure  in  die,  changed 

with  an  additional  a parallel  part  near  the  die  exit, 
parameters  in  eq.  (25)  : D/E=l  .06,  L*1.0,  a»3°, 
and  V0-  1,300  m/min. . 


With  this  model,  pressure  was  tended  to  be  under- 
estimated,  because  of  the  errors  occurred  from  the 
difference  between  a cross  sectional  area  of  the  model 
and  of  an  actual  channel  influence  the  calculation  of 
volume,  that  is  clear  from  equation  (25). 

Corrected  coefficient  Co  will  deffer  depending  on 
the  conditions  of  simulation,  but  it  is  considered  to  be 
around  Co=l  to  2. 

Influence  of  the  material  parameters  K and  n for 
the  non -Newtonian  fluid  is  as  important  as  that  of  die 
geometries.  Due  considerations  should  be  given  to 
these  parameters  when  insulation  materials  for  high 
speed  wire-coating  is  to  be  selected.  Subsequently  ma- 
chining and  designing  exactness  for  the  die  geometries 
near  the  exit  is  important  with  regard  to  the  value  of 
pressure  drops.  When  there  is  a parallel  part  fp,  ex- 
isted near  the  die  exit,  as  seen  in  Fig.  10,  the  relation- 
ship between  the  calculated  maximum  value  of  a pres- 
sure and  the  length  of  a parallel  tube  is  as  follows.  If 
there  is  1mm  of  a parallel  section,  then  that  will  cause 
the  increase  of  a pressure  by  about  70  Kg/cm^.  So  when 
extruding  operation  is  conducted  with  low  pressure, 
manufacturing  of  a die  should  be  done  quite  carefully. 
Incidentally  as  it  is  clear  from  the  result  shown  in  Fig. 

1 1 , which  decides  the  effect  of  a tapered  angle  to  a 
pressure  drop,  maximum  pressure  value  in  die  in- 
creases with  the  decrease  of  tapered  angle  markedly. 
When  such  a die  is  used,  they  should  be  fully  aware  of 
the  flow  profile  with  dominant  pressure  flow  as  previ- 
ously mentioned. 


LAND  TAPER  SEMIANGLE  (deg.) 


Fig.  11  Effect  of  tapered  semi-angle  of  die  aon  pressure 
drop  P and  on  tension  exerted  on  wire  T. 
Parameters  In  eq.  (25)  and  (31)  : L=1.0,  Co=1.0, 
D/E=l  .06,  and  Vo-  1,300  m/min.  . 

4.4  Extruded  surface  roughness  and  die  design 

In  well-known  capillary  flow  consisted  with  a pure 
pressure  flow,  a surface  roughness,  called  as  the  shark 
skin,  will  be  generated  when  a shear  rate  is  above  a cer- 
tain high  level  8).  The  mechanism  of  generating  such 
phenomena  is  complex  and  satisfactory  explanation  has 
not  been  made.  Similar  roughness  phenomena  above 
mentioned  are  observed  in  wire  coating  processes . 


From  our  experiences  so  far.  we  could  observe  the 
change  in  extruded  surface  roughness  by  changing  the 
die  geometry,  not  altering  other  conditions  such  as 
material,  temperature,  wire  speed  and  etc.  In  order 
to  prevent  extruded  surface  roughness:  (i)  it  is  better 
to  have  tong  land  length  L.  (ii)  it  is  said  good  to  have 
an  angle  of  the  dieland  a around  3° . (iii)  good  result  is 
obtained  by  making  reduction  large,  (iv)  Surface  rough- 
ness is  degradated  with  the  increase  of  wire  speed,  (v) 
Result  was  better  for  the  material  with  good  flow  pro- 
perties. If  we  analyse  the  facts  based  on  experiences 
of  the  calculated  results,  we  can  get  the  following  esti- 
mations. The  value  of  a shear  rate  in  die  becomes 
smaller  with  the  increase  of  a reduction  rate  D/E.  with 
the  lowering  of  the  running  speed  and  with  the  increase 
of  a tapered  angle  a in  a dieland.  It  is  considered  that 
this  serves  for  the  prevention  of  unsteady  melt  fractures 
However,  about  the  tapered  angle  a , it  becomes  too 
large,  sectional  area  near  the  nipple  exit  also  becomes 
too  large.  Thus  effects  of  a back  pressure  on  flow 
tends  to  increase.  This  result  is  not  facourable  for  the 
prevention  of  a surface  roughness.  As  to  tapered  angle, 
from  this  presume,  it  should  be  believed  that  there  are 
some  optimum  angle  for  the  best  die  designs.  As  stated 
before,  lower  the  D/E  ratio  is.  more  dominat  the  pres- 
sure flow  becomes.  At  the  flow  near  the  exit  of  a die. 
maximum  flow  speed  which  is  faster  than  wire  running 
speed  tends  to  be  generated  in  the  gap  between  the  wire 
surface  and  the  die  wall.  From  this  calculating  results, 
we  can  assume  that  the  melted  insulation  material  which 
is  extruded  from  die  will  be  continuously  drawn  by  wire 
after  it  flows  out  of  die.  Phenomena,  which  occur  just  a 
little  time  after  the  extrusion  from  die.  can  be  one  cause 
of  surface  roughness.  If  surface  roughness  is  predicted 
from  these  assumptions,  it  is  important  to  make  the  flow 
field  dominated  by  drag  flow  as  much  as  possible.  Un- 
stable melt  fracture  under  general  pressure  flow  occurs 
at  low  shear  rate  less  than  10^  sec'*.  In  contract,  in 
case  of  a wire  coating,  calculated  shear  ate  on  wire  or 
on  die  wall  is  104  to  10^  sec'*,  as  can  be  seen  in  Fig.  12 

Calculated  Shear  Rate  On  Wire  And 

Die  Wall  From  Eq.  (28), 


Fig.  12  Calculated  variations  of  shear  rate  f on  die  wall 
and  wire  surface  with  reduction  ratio  D/E. 


With  rqgard  to  the  extrusion  for  a wire  coating, 
the  surface  roughness  do  not  occur  up  to  high  shear 
rate  area  which  is  far  higher  than  a melt  fracture  under 
a common  pressure  flow.  This  means  that  with  the 
wire  coating  flow,  some  important  factors  which  effect 
on  melt  polymer  in  die  should  prevent  the  occurance  of 
the  surface  roughness.  It  is  quite  probable  that  this 
should  be  caused  by  another  flow  other  than  the 
pressure  flow.  That  is  drag  flow,  we  suppose.  At  any 
rate,  the  effect  of  a drag  flow  on  unsteady  flow  should 
be  further  discussed  in  other  opportunities. 

4.S  Back  tension  exerted  on  wire  in  die 

Tension  in  die  depends  on  the  flow  pattern 
largely.  As  is  clear  from  Fig.  7 and  Fig.  8.  with 
the  increase  of  reduction  ratio  for  the  extrusion, 
drag  flow  due  to  a running  wire  in  die  becomes  more 
dominant.  It  becomes  more  probable  to  have  a maxi- 
mum speed  of  running  fluid  along  flow  direction  on 
wire.  Thus  the  tension  in  die  becomes  higher.  But 
in  the  flow  profile  in  which  the  pressure  flow  is  dom- 
inant, the  tension  exerted  on  wire  markedly  decreased 
as  the  flow  drags  out  the  wire  to  the  exit. 


DISTANCE  FROM  DIE  EXIT  (cm) 


Fig.  13  Effect  of  reduction  ratio  D/E  on  Tension  exerted 
on  wire.  Parameters  in  eq.  (31)  : L=1.0,  a=3°, 
Co=1.0,  and  V0=  1,300  m/min. 

Fig.  13  shows  the  calculated  relationship  bet- 
ween D/E  ratio  and  tension.  Result  agrees  with  the 
experimental  results  reported  by  Riekkiness  et  al.*\ 
who  said  that  the  tension  could  be  suppressed  at  lower 
level  by  making  the  pressure  high  in  extruding  with 
same  outer  diameter.  As  to  other  methods  to  reduce 
this  tension,  shortening  of  a dieland  length  or  reduc- 
tion of  a tapered  angle  are  possible.  This  method 
can  reduce  tension,  but  at  the  same  time  they  have 
the  tendency  to  generate  surface  roughness.  These 
methods  should  be  taken  into  account  for  the  die  de- 
sign according  to  its  usage.  The  effect  of  wire  runn- 
ing speed  Vo  on  tension  is  proportional  to  V, n,  as  is 
clear  from  equation  (31).  The  n value  of  melt  polymer 
for  an  insulation  such  as  polyethyien  is  about  0.4.  The 
influence  of  that  is  smaller  than  that  of  the  para- 
meters such  as  D/E.  L and  others.  So  with  regard 
to  reduction  problems  of  wire,  if  a die  design  Is  cor- 
rect, high  wire  running  speed  will  be  not  limited  so 
critically. 
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4.6  Future  problems  . 

In  this  report,  velocity  profile  in  die  is  obtained 
as  a first  step  for  the  design  of  die  and  cross  head 
which  are  suitable  for  high  speed  insulations.  Then  by 
assuming  the  floyf  pattern  in  die,  preventive  action  for 
surface  roughness  was  considered.  Further,  we  intro- 
duced the  relative,  equation  for  a back  tension  exerted 
on  running  wire  in  die.  Then  we  simulated  to  identify 
the  occurance  of  tension  under  acutual  operational  con  - 
ditions.  Calculated  results  with  this  numerical  methods 
do  not  necessarily  agree  with  actually  measured  value 
quantitatively.  However  qualitatively , these  two  coincide. 

With  regard  to  this  analytical  method,  we  conducted 
analysis  on  the  assumption  that  flow  in  the  duct  enclosed 
by  the  die  and  the  nipple  and  the  flow  enclosed  by  the  die 
and  the  wire  are  independent  with  each  other.  So  we 
could  not  satisfactorily  explain  the  influence  of  the  clear- 
ance to  extrusion  properties,  for  example.  Closer 
investigation  is  desired  in  order  to  conduct  the  simula- 
tion for  the  important  area  where  the  nipple  part  changed 
to  the  die  pan.  One  major  method  is  the  use  of  finite 
element  method  (FEM)I”,>  for  example.  We  would  like 
to  report  on  this  method  at  other  occasion. 


With  regard  to  the  influences  of  a flow  on  self-center- 
ing effects,  following  two  thoughts  are  important,  a) 
to  prepare  steady  and  homogeneous  flow  as  much  as 
possible,  b)  to  consider  hydrodynamic  forces  which 
hold  wire  its  centric  position  of  die.  These  factor 
should  be  counted  for  die  designs.  When  wire  runs  in 
the  duct  of  a die,  it  is  important  to  make  it  run  at  the 
centric  position  of  die  at  all  times.  In  order  to  main- 
tain the  position,  the  aid  of  a hydrodynamic  force  is 
required. u) . When  we  designed  self-centering  die, 
we  explored  the  duct  geometeries  with  which  centri- 
petal forces  formed  by  mechanical  effects  of  a fluid 
will  work  on  a wire.  We  developed  a new  self-center- 
ing fixed  die  with  helping  a hydrodynamic  forces  above 
mentioned.  We  are  now  using  them  in  our  manufactur- 
ing process.  Fig.  14  shows  the  experimental  facts 
which  indicate  the  eflects  of  hydrodynamic  forces 
which  bring  about  self-centering  phenomena  above 
mentioned. 

Looking  from  these  results,  if  an  eccentricity  of 
an  extruded  wire  is  decided  only  by  the  geometrical 
relationship  between  the  die  and  the  nipple,  degree  of 
geometric  eccentricity  £c  and  eccentric  ratio  oc 
can  be  expressed  as  following. 


5.  Application 


This  chapter  is  about  self-centering  fixed  die 
which  was  designed  based  on  the  data  obtained  from 
the  analytical  method.  This  is  one  example  of  appli- 
cation. Three  Important  factors  for  the  design  and  the 
development  of  the  fixed  die  are  as  follows. 

i)  preciseness  of  machine  processing. 

ii)  hydrodynamic  effects  on  wire  n). 

iii)  thermal  stabilities  of  die  material. 


Here,  <tr  can  be  defined  by  the  following  equation 
when  maximum  insulation  thickness  is  expressed  by  a 
and  minimum  thickness  by  b. 


Center  of  insulation  -a 


Center  of  wire 


Calculated  relationship  with  eq.  (33) 
a«"e.(0-d)x  100  (for  2d  “ 0.40,  2D 


Calculated  relationship  with  eq.  (331 

a . -e»  (D  — d)  x 100  (for  2d  - 0.90, 
\ 2D  -1.440) 


1.  Definition  of  an  eccentricity  rate; <2.  is  following 

a.  *— gx  100  i%> 

2.  Geometrical  relationship  it  satisfied  with  this  equation. 

« ««  e.  (D-d)x  100(%) 


O : 2d  - 0.40(20  - 0.66H 


• : 2d  -0.00(20-  1.440) 


e.  ; Geometric  Eccentricity  Between  Die  and  Nipple  (p) 

Fig.  14  Plots  of  eccentricity  rate  «c  versus  geometric  mechanical  eccen- 
tricity between  die  and  nipple  ec  . on  extruded  wire  with  Furukawa's 
self-centering  fixed  die. 


However,  In  case  of  Furukawa's  Fixed  Die,  it  is 
possible  to  suppress  the  eccentricity  to  smaller  degree 
because  of  the  hydrodynamic  effect  of  a fluid  even  when 
they  are  processed  under  lesser  mechanical  accuracy 
than  is  difined  in  equation  (33). 

This  fact  tells  us  that  it  is  possible  to  produce  a 
fixed  die  with  cheeper  price,  under  mechanical  accuracy 
in  the  order  of  10  ~ 100  u,  suitable  for  the  mass  produc- 
tion rather  than  the  ultra  high  exact  machining  in  the 
order  order  of  a2! 

It  is  shown  the  appearance  of  the  Furukawa's 
fixed  die,  at  photograph  1.  Cross  sectional  view  of 
insulation  extruded  with  the  dixed  die  is  given.  This 
die  is  necessary  for  the  extrusion  of  dual  insulated 
wire  which  is  the  extension  of  our  present  technology. 
Also  the  picture  of  equipment  for  cross  head  die  is 
shown.  (Photograph  1 ~ 3) 

6.  Conclusion . 

Several  equations  were  introduced  which  indicated 
the  flow  properites  within  a cross  head  die  for  a wire 
coating  process.  Simulation  was  conducted  with  actual 
die  geometries.  In  our  analysis,  the  flow  between  two 
non-parallel,  concentric  tube  was  divided  equally  into 
small  segments  along  the  die.  Flow,  in  the  divided 
minute  sections,  was  considered  to  be  the  flow  in  the 
duct  enclosed  with  two  parallel  plates. 

We  assumed  power  law  fluid  which  was  composed 
of  steady,  incompressible  and  isothermal  fluid. 

From  the  proposed  equations  and  numerical  calcula- 
tions, relationship  between  velocity  distribution  and 
pressure  profile  was  estimated.  Furthermore,  esti- 
mation was  made  on  the  generated  tension.  The  pro- 
posed analytical  method  involves  some  problems 
regarding  the  proposed  model  flow  which  is  con- 
sidered to  be  the  tlow  between  two  parallel  plates. 
Quantitatively,  correction  coefficient  based  on  experi- 
ment should  be  Introduced.  But  qualitatively,  we  con- 
sider it  possible  to  present  useful  data  for  the  design 
of  a die  which  is  used  for  actual  wire  coating  process. 

In  this  report,  mention  was  made  to  the  application  of 
this  analysis,  that  was  the  Furukawa's  self-centering 
fixed  die  for  which  centripetal  forces  from  mechanical 
effects  of  fluid  were  taken  into  account. 
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Photograph  1 The  Furukawa's  self-centering  fixed 
die  for  high  speed  insulations. 


Photograph  2 Cross  sectional  view  of  dual  Insulated 
core,  with  highdensity  polyethylene. 
Wire  diameter  is  0.9  mm  (19AWG), 
diameter  with  cellular  is  2.3  mm  and 
thickness  of  skin  layer  is  50jU. 
Capacitance  of  insulated  core  is  85 
PF/m,  and  expansion  rate  is  about 
6<%. 


Photograph  3 Equipment  of  the  Furukawa's  self- 
centering fixed  die  for  a dual  insula- 
tion. 
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A NEW  PROCESS  FOR  THE  MANUFACTURE  CF  MAGNET  WIRE 


| EBERHAFD  KERTSCHER 


MAILLEFER,  S.A. 
Ecublens,  Switzerland 


SUMMARY 

The  authors  describe  a completely  new  process 
far  manufacturing  enamel-insulated  magnet  wire  (so 
called  enamelled  wire). Unlike  the  still  generally 
applied  technique  of  using  solvent  enamels  with 
subsequent  solvent  evaporation  and  hardening  of 
the  enamel  film  using  a baking  oven,  the  new  pro- 
cess uses  a modified  and  developed  form  of  the 
extrusion  process  which  has  been  employed  for 
years  in  the  manufacture  of  cables  and  wires. 

The  process  (emailex)  and  its  basic  problems 
are  described  in  detail  and  explained  using  the 
example  of  a 4 wire  system  for  conductor  diamet- 
ers of  A to  1.2  mm. 

Material  selection  is  also  discussed.  In  this 
regard,  suitable  and  economical  materials  were 
found  with  which  extruded  enamelled  wire  (EXDGAN) 
was  produced.  The  results  of  test  carried  cut  an 
that  wire  as  well  as  first  operational  trials  in 
relay  coils  and  IEC  standard  motors  are  described. 

\ 

INTRCCUCTICN 

Enamel-insulated  magnet  wire,  oarmonly  called 
enamelled  wire,  is  widely  used  in  the  production 
of  electrical  machinery,  transformers  and  elec- 
tronic systems.  The  conductor  material  of  such 
wire,  usually  copper  or  aluninun,  is  insulated 
with  a thin  layer  of  synthetic  resin  enamel  which 
is  highly  resistant  to  mechanical  and  thermal 
stresses. 

Bumelled  wire  is  manufactured  in  so-called  wire 
enamelling  machines  by  multiple  continuous  coating 
with  wire  enanel,  i.e.the  metal  wire  is  coated 
with  a solution  of  an  organic  synthetic  resin  and 
a solvent  (1).  In  order  to  achieve  a smooth  film 
of  enamel  which  is  free  fran  blisters  and  solvent 
material,  the  muter  of  layers  of  enamel  must  be 
increased  as  far  as  possible  with  the  individual 
layers  being  as  thin  as  possible. 

In  general,  6 to  10  individual  coats  (passes) 
cure  applied  with  the  necessary  thickness  depend- 
ing to  a very  large  extent  on  the  diameter  of  the 
wire  (see,  far  exaiple,  German  Standard  DIN 
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The  baking  process  after  each  coating  operation 
permits  the  solvent  to  evaporate  and  the  film  of 
enamel  to  harden.  The  resulting  solvent  vapour 
is  removed  from  the  baking  charter  by  means  of  an 
extractor  fan. 

For  these  processgs,  the  baking  temperature  is 
between  300  and  550°C  and  depends  on  the  enamel 


base,  the  diameter  of  the  wire,  the  type  of  baking 
oven  used  and  the  rate  of  throughput. 

The  wire  enamels  (enamel  solutions)  contain  solid 
substances  to  an  extent  of  approx.  15%  to  approx. 
50%,  i.e.  the  proportion  of  solvents  to  be  evapcared 
is  50%  to  85%.  Increasing  the  content  of  solids  re- 
sults in  operationally  less  farvorable  conditions 
since  the  enamel  solutions  obtained  have  too  high 
viscosity. 

Owing  to  their  high  dissolving  capacity,  high 
flow-eliding  boiling  range,  and  not  least  their 
favourable  eccnanic  aspects,  the  solvents  used  for 
most  wire  enamel  materials  cure  Cresol  and  Xylenol 
compounds  extracted  from  coal  or  lignite  tar, 
blended  with  aromatic  hydrocarbons;  far  some 
special  wire  enamels,  other  solvents  such  as  N- 
methylpyrrolidcne  and  Dimethylformanide  are  also 
used. 

This  process  still  is  widely  used  far  the  manu- 
facture of  enamel-insulated  winding  wire  and  hais 
a nuter  of  disadvantages . There  is  quite  clearly 
room  for  improvement: 

- The  application  of  several  very  thin  individual 
coats  demand  high  technology  and  therefore  con- 
siderable investment. 

- Complete  removal  of  the  solvents,  which  is  es- 
sential if  optiimm  enamelled  wire  properties 
aure  to  be  obtained,  is  only  possible  with  con- 
siderable energy  usage. 

- The  parallel  baking  process  - with  most  wire 
enamel  resins,  consists  of  cross-linking  in- 
volving volatile  condensation  products  split- 
ting off  - and  also  requires  large  quanties  of 
energy. 

- Despite  the  considerable  cost  involved,  the 
throughput  rates  obtauned  with  normal  machines 
are  ocnpeuratively  low  due  to  the  neoessaury 
reaiction  times  (e.g.  with  a wire  diameter  of 

1 nm,  the  throughput  is  approx.  25  mAnin.). 
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m addition,  than  la  the  physiological  danger 
from  the  so1  vents  used  in  wire  enamels,  if  they 
came  into  contact  with  human  skin  or  are  inhaled  as 
vapour;  this  may  he  illustrated  with  the  following 
data  on  the  most  commonly  used  Cresol  and  Xylenol 
materials: 

- In  accordance  with  the  directions  issued  by  the 
Osimissicn  on  Hazardous  Operational  Materials  in 
1977,  the  maxinun  concentration  at  a place  of 
work  is  5ppn  cr  22  mg fit?  (Regulation  cn  Hazar- 
dous Operational  Materials  of  8.3.1975,  category 
1 b). 

- According  to  the  Technical  Directive  cn  Air  Pol- 
lution Measures  of  28.8.1974,  Cresol  and  tylenol 
materials  fall  into  category  1,  i.e.  the  maxinun 
emission,  permissible  is  20  mg  C/nr.  This  means 
that  to  cdiply  with  official  regulations,  appro- 
priate safety  measures  are  required. 

Ch  the  currently  known  enamelled  wire  machines, 
solvent  vapour  are  removed  from  the  baiting  chanter 
by  means  of  an  extractor  fan.  Installation  of  can- 
bus  tier  catalysts  which  destroy,  i.e.  subsequently 
bum  off  a large  proportion  of  the  solvent  vapours 
produced  in  the  baking  chanter,  results  in  consid- 
erable expenditure  and  therefore  a significant  in- 
crease in  cost  in  the  finished  products. 

Whilst  the  fact  that  the  combustion  gas  in  modem 
catalytic  circulating  air  ovens  is  utilised  for 
pre-heating  (2)  and  covers  part  of  the  additional 
cost  incurred  as  a result  of  the  use  of  solvents 
as  well  as  their  storage  and  transport,  it  by  no 
means  cowers  all  of  that  additional  cost. 


It  must  also  be  assured  that  the  above-mentioned 
official  regulations  and  the  sensitive  after-burn- 
ing systems  which  only  operate  correctly  when  pro- 
perly maintained,  will  in  time  be  replaced  by  even 
more  efficient  but  also  considerable  more  costly 
thermal  after-burning  systems. 

In  order  to  overcome  the  problems  resulting  from 
the  use  of  solvents,  it  has  already  been  suggested 
that  aqueous  systems  should  be  used.  However,  both 
the  use  of  wire  enamel  dispersions  (3)  and  the  use 
of  wire  enamel  resins  dissolved  in  water  (4,5)  in- 
clude the  problems  of  energy-intensive  evaporation 
of  large  quantities  of  water  as  well  as  their  com- 
plete renewal  so  that  an  efficient  enamelled  wire 
insulation  may  be  obtained. 

Furthermore,  the  pollution  problems  described 
cannot  be  solved  in  an  optimum  way  by  the 
higffMsoiling  organic  additives  necessary  for 
aqueous  sisters,  e.g.  catalysts,  dispersing  and 
thickening  agents  as  well  as  the  amines  which  aid 
**at^r  solubility. 

There  ia  also  the  method  of  insulating  electrical 
conductors  made  of  resin  melts,  in  particular  of 
thermosetting  Polyester imides  (6,7,8).  Hc**ver, 
when  processing  melts  of  such  reactive  resins  and 
considering  the  necessary  temperatures,  one  must 
i member  the  limited  temperature  storage  stability 
vqger  longer  periods  of  time. 

Desplt««an  improvement  in  pollution  effects,  the 
throughput  rSbssobtaimable  with  these  processes 
are  no  higher  than"'thoee  achieved  with  conventional 
wire  enamels. 


BASIC  PROBLEMS  ENCOUNTERED  WITH 
EXTRUSION  ENAMELLING  (EMM LEX) 

In  order  to  improve  the  methods  used  for  manu- 
faicturing  enatelled  wire,  extrusion  technology 
which  has  been  used  for  a long  time  in  cable  and 
wire  production,  was  taken  as  the  basis.  Previous- 
ly, the  application  of  such  a technology  has  al- 
ways foundered  because  of  the  very  thin  layer  of 
insulation  required  for  enamelled  wire. 

Below,  is  introduced  an  extrusion  technology  - 
the  so-called  extrusion  enamelling  process,  EMAIL- 
EX,  which  has  been  developed  fran  previously  known 
technology  but  which  differs  considerably  fran  the 
basic  principles. 

a)  Instead  of  conventional  wire  enamels,  extrud- 
able  thermoplastics  are  being  used.  Since  those 
thermoplastics  contain  neither  solvents  nor 
toxic  substances,  costly  cartes  tier  or  after- 
burning facilities  as  well  as  other  measures 
required  to  avoid  health  hazards  are  unneces- 
sary. 

The  new  process  is  thus  obviously  more  favour- 
able regarding  environmental  considerations  than 
are  the  processes  previously  mentioned.  Since 
there  is  no  need  for  solvent  evaporation  and  be- 
cause the  resulting  savings  in  energy  which  may 
be  eis  much  as  90%,  the  process  is  also  consider- 
ably more  economical. 

b)  The  use  of  thermop  lastics  removes  the  need  for 
the  hairdening  reaction  neoessary  for  the  pro- 
cesses previously  used,  which  again  results  in 
additional  and  considerable  savings  in  energy. 

c)  As  a result  of  the  above- listed  factors,  a pos- 
sible, ,flnd  therefore,  decisive  increase  in  the 
throughput  rate  ard  thus  in  the  economic  effi- 
ciency of  wire  coating  may  be  obtained. 

As  will  be  shown  in  detaiil  below,  speeds  of  250 
m/friin  are  in  fact  practicable  with  a wire  di- 
aneter  of  1 mm. ; this  means  that  caipared  with 
the  conventional  process , the  operating  speed 
may  be  increased  by  a factor  of  10  without 
problems. 

There  were  a muter  of  basic  problans  with  the 
new  process  whicii  had  to  be  resolved: 

The  operational  system  of  the  conventional  ex- 
trusion technology  had  to  be  modified  and  devel- 
oped in  such  a way  that  wires  with  wall  thicknes- 
ses of  as  little  as  15y«c( 0.0006")  could  be  coated 
perfectly  and  economically. 

Furthermore,  Insulating  materials  had  to  be  sel- 
ected and  developed  which  cn  the  one  hand  ware 
suitable  for  extruder  coating  and  on  the  other 
hand  met  the  usual  property  requirements  for  en- 
amelled wire. 

There  was  also  the  need  to  integrate  tte  anneal- 
ing of  the  wire  at  the  high  extrusion  speeds  to  be 
expected,  into  the  system  and  at  the  same  time 
keep  the  wire  surface  completely  clean  and,  most 
irrportantly,  free  fran  residual  drawing  grease. 

Below,  is  described  how  these  problems  were  sol- 
ved, and  a discussion  of  the  current  state  of  this 
new  extrusion  enamelling  (EMAIIEX)  and  the  extru- 
ded enamelled  wire  (EX0GAN)  manufactured. 


75 


..  — • ..^-..1." * 


DUAL  PMC-OFF  UNITS 

A*  car  be  seen  fro#  Big.  2 the  system  is  equipped 
with  dual  pay-off  units  which  ace  specially  design- 
ed for  ocrtrolled  wire  pay-off.  The  wire  pays  off 
without  noise;  the  change-over  from  the  empty  to 
the  full  coil  is  effected  without  any  reduction  in 
line  speed. 


FUNCTIONAL  CESIQi  OF  EXTRUSION  SYSTEMS 

The  systems  are  designed  in  such  a way  as  to  per- 
mit wires  with  diameters  of  between  0.1  mn  and  1.5 
ran  to  be  insulated.  Basically,  as  illustrated  in 
Fig.  1.  two  system  sizes  are  available  far  this 
purpose. 

Ch  conventional  enamelled  wire  machines,  the  wire 
is  annealed  either  by  resistance  annealing  or  with 
superheated  stem  with  the  wire  being  cleaned  and 
degreased  to  a large  extent  by  the  stem  during 
annealing.  If  degreasing  is  not  ocnplete,  then  the 
film  of  enamel  will  have  poor  adhesive  properties 
after  insulating. 

The  EMAITBC  process  offers  a relatively  high  sa- 
fety factor  in  this  respect.  If  a normal  contin- 
uously-annealed  wire  is  used,  no  si.ibooqi.ient  clean- 
ing is  necessary.  Experiments  have  shown  that 
cleaning  is  required  only  if  poorly  cleaned  coils 
(e.g.  pot-annealed  ooils)  awe  processed.  In  all 
cases,  any  residual  drawing  grease  remaining  cn  the 
wire  will  be  vapourised  due  to  the  high  pre-heating 
temperatures  employed  in  the  process. 

Another  possibility  is  to  connect  in  series  with 
the  system  a group  of  so-called  multiple  mini-draw- 
ing units  and  to  anneal  the  wire  immediately,  using 
a continuous-annealing  system.  The  quality  achie- 
ved in  this  way  is  sufficiently  high  to  ensure  good 
adhesion  of  the  insulation  of  the  conductor. 

SYSTEM  CESIOl 

The  design  of  a 4 wire  system,  Type  2,  for  semi- 
automatic operation  for  wire  dimeters  of  between 
0.4  rim  and  1.2  (1.5)  mn  may  be  seen  in  Fig.  2.  This 
system  is  designed  in  such  a way  as  to  ensure  con- 
sistent continuous  operation. 


SCHEMATIC  IAY0OT  CF  AN  EMAIIEX  SYSTEM,  TYPE  2 


1 Twin  overhead  pay-off  units 

2 Pre-heating 

3 Extruder 

4 Extrusion  croes-head 

5 Pooling  and  drying  unit 

6 Wire  inspection  and  control 

7 Coiling 


in 
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extruder 


fCTERING  CROSS-HEAD 


To  facilitate  the  production  of  the  extremely 
thin  insulating  wall  thickness  required  for  winding 
wire  ensuring  the  highest  quality  and  a high  pay- 
off speed,  a special  screw  and  a number  of  other 
elements  had  to  be  developed  in  order  to  obtain 
absolutely  smooth  and  faultless  surfaces.  Screw 
and  cylinder  are  adapted  to  each  other  in  such  a 
way  that  the  material  is  drawn  in  evenly  and  with- 
out any  pulsating. 

Both  the  reduction  gear  and  the  drive  of  the  ex- 
truder ensure  a perfectly  even  rotational  speed  of 
the  screw  without  shock  or  vibration  effects. 

It  is  preferable  to  use  thyristor-controlled  DC 
dri'ies  which  are  easily  synchronised  with  the  rest 
of  the  line  and,  most  importantly,  with  the  capstan. 
In  addition,  special  care  must  be  taken  over  reg- 
ulating both  cylinder  heating  and  cooling  so  as  to 
ensure  as  perfect  a terrperature  consistency  as  pos- 
sible. 

The  heating  zones  of  the  barrels  are  equipped  with 
special  thyristor-controlled  thermostats  which,  if 
required,  provide  infinitely  variable  control  for 
the  cooling  fans.  This  system  has  been  proved  to 
give  high  consistency  of  temperature  and  thus  an 
excellent  consistency  in  wire  quality. 


f 
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Together  with  the  extruder,  the  cross-head  is 
one  of  the  main  elements  of  the  new  process.  This 
unit,  too,  is  a product-specific  development.  The 
demands  made  on  this  important  element  cure  as  fol- 
lows: 

- Perfect  centering  of  the  wire 

- Even  and  smooth  insulation  surface 

- Smallest  possible  retention  loss  in  the  wire 

- Possibility  of  fast  tooling  change  even  if  the 
system  is  not  switched  off 

- Long  operational  life  of  the  tools 

All  the  above  requirements  are  met  by  the  meter- 
ing cross-head  illustrated  in  Fig  4.  The  design 
of  the  head  is  based  on  the  mechanical  assembly 
technique  (MAT) , with  the  body  being  designed  for 
1,  2 or  4 positions.  The  appropriate  interchange- 
able tool  carriers  are  fitted  into  the  body.  The 
tools  themselves  are  precision  parts  and  are  made 
from  high  wear-resistant  materials. 

POOLING  AND  DRYING  UNITS 

The  cooling  trough  is  designed  in  such  a way 
that  the  four  insulated  conductors  can  be  cooled 
independently  of  each  other.  In  order  to  save 
water,  a closed  circuit  system  is  provided  (see 
Fig  5) . 

WHS  CONTROL 

After  leaving  the  cooling  and  drying  units,  the 
insulation  is  continuously  checked.  Anv  faults 
occurring  are  indicated  immediately.  In  addition, 
it  is  possible  to  equip  the  system  with  a process 
production  control  facility  which  allows  produc- 
tion and  quality  data  to  be  instantly  available 
and/or  recorded  statistically  at  any  time. 

A practical  solution  would  be  to  connect  several 
systems  to  this  unit  inteqratinq  them  into  produc- 
tion planninq. 

COILING 

The  finished  insulated  wire  may  be  coiled  using 
single  winding  machines  or  automatic  winding  sys- 
tems. 

In  case  of  the  single  winding  machine.  Fig.  6, 
the  processing  must  be  slowed  down  for  the  change- 
over of  coils  so  as  to  enable  the  wire  to  be 
plaoed  on  the  new  reel. 

If  automatic  winding  machines.  Fig  7,  are  used, 
the  change-over  from  the  full  to  the  empty  coil 
takes  plaoe  at  full  speed.  Both  the  removal  of 
the  full  coil  and  the  insertion  of  the  empty  reel 
are  also  effected  automatically. 


FIG.  3 EM  30  EXTFIIDER 
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PROCEEDINGS  OF  THE  INTERNATIONAL  WIRE  AND  CABLE  SYMPOSIUM  (27TH— ETC(U) 
NOV  78  E F GODWIN 


FIG.  7 AUTOMATIC  DUAL  TAKE-UP 


SYSTEM  CONTROL 

The  systems  are  equipped  with  DC  drives 
and  are  fully  synchronised. 

The  control  mechanism  is  designed  in 
such  a way  that  the  speed  of  each  wire  can 
be  separately  controlled.  In  addition,  it 
is  possible  with  this  system  to  insulate 
simultaneously  four  wires  with  different 
diameters  at  different  or  equal  linear 
speeds . 

Should  production  be  changed  on  one  pos- 
ition or  the  tools  require  changing,  then 
any  one  position  may  be  stopped  without 
adversely  affecting  the  operation  of  the 
three  remaining  positions. 


MATERIALS  AND  TEST  RESULTS 


Regarding  materials,  the  task  was  to 
select  or  develop  suitable  insulating  ma- 
terials which: 

- were  suitable  for  use  in  the  extrusion 
system  described  above  and 

- met  the  enamelled  wire  requirements  as 
imposed,  for  example,  by  German  Stand- 
ards DIN  46  435,  DIN  46  416  and  Din  46 
453. 

A large  number  of  possible  products  were 
tested  in  order  to  arrive  at  a choice  of 
materials  which  promised  a maximum  level 
of  success.  Successful  application  trials 
were  completed  using  the  insulating  mat- 
erial wire  resin  350-100  (a  terephthalate 
resin)  and  further  developments  - e.g. 
wire  resin  350-101.  The  final  products 
fulfilled  the  objectives  set  and  were  al- 
so economically  satisfactory. 

The  following  table  shows  the  results 
of  two  successfully  completed  series  of 
experiments.  The  property  patterns  (test- 
ed according  to  DIN  46  453  / DIN  46  416) 
for  extruded  enamelled  wire  (EXOGAN)  with 
conductor  diameters  of  .4  - .6  mm,  with 
an  increase  of  1 L (grade  1)  are  in  ac- 
cordance with  DIN  46  435. 


FIG.  8 SYSTEM  CONTROL  PANEL 


* Products  of  BASF  Farben  + Fasem  AG, 
Untemehmensbereich  Lackchenine  (9) 
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RESULTS  CF  PROCESSING 


r 


With  modifica tiers  to  both  materials  and  extru- 
sion technology,  it  was  possible  to  achieve  for 
extruded  enamelled  wire  (EXOGflN) , essentially,  a 
heat  class  W 155  according  to  DIN  46  416  Part  4 
and  DIN  46  453,  together  with  the  additional  ad- 
vantages of  very  high  enamel  film  flexibility  and 
compliance  with  the  tinning  capacity  requirements 
according  to  DIN  46  416  Part  2. 

A muter  of  products  showed  excellent  results  in 
temperature  stability  tests.  Materials  were  test- 
ed which  in  aged  condition  at  250  C and  over  a 
period  of  20  000  hours  still  possessed  90%  of 
their  original  properties. 

Since  the  products  tested  were  thermoplastics  or 
border  products  between  thermo-  and  durcplastics , 
the  main  difficulty  of  course  proved  to  be  achiev- 
ing of  the  fusing  points  of  heat  category  W 180  as 
specified  in  DIN  46  416  Part  5 and  DIN  46  453, 
i.e.  265°C.  Further  trials  halve  been  initiated  in 
this  respect  so  as  to  round  off  the  improved  pro- 
perties conpared  with  conventional  heat  - resist- 
ant enamelled  wire  (flexibility,  thermal  shock, 
tinning  capacity) , with  an  adequate  fusing  point . 


In  addition  to  the  actual  extrusion  experiments 
and  the  tests  carried  out  on  extruded  enamelled 
wire  (EXOGflN) , processing  trials  were  ocmpleted  on 
relay  coils  and  IEC  standard  motors.  These  tests 
which  cure  being  continued  with  the  possible  limit 
diameters  resulting  fran  the  system  design  and  us- 
ing materials  suitable  for  obtaining  higher  fusing 
points  showed  the  perfect  utilisation  of  extruded 
enamelled  wire  (EXOGflN)  in  accordance  with  heat 
category  W 155  as  specified  by  DIN  46  416  Part  4. 


PROPERTIES  CF  ENWFTJfT)  WIRE  TESTED  FOR  PROCESSING 

For  the  processing  trials,  enamelled  wire  with  a 
diameter  of  .6  iron  and  an  increase  of  1 L (grade  1) 
in  accordance  with  DIN  46  435  was  used  in  capari- 
son to  conventional  enamelled  wire. 

The  following  table  shows  selected  properties  of 
the  enamelled  wire  tested. 


PROCESSING  TRIALS  CN  RELAY  SWITCHES 


In  carpariscn  with  Type  V enamelled  wire,  extru- 
ded enamelled  wire  as  described  above  was  used  to 
wind  relay  switches  (BBC) , Type  SIA  63,  and  asses- 
sed or  tested  as  follows: 

- Winding  trials:  no  difference  could  be  found  to 
exist 

- Switching  cycles.  He,  3000  switching  cycles  per 
heur,  25  and  55°C  ambient  temperature,  a total 
of  10  millions  switching  cycles  : no  change  in 
coil  properties 

- Heat  testj  1.1  Uc,  1000  hrs  with  switching  cy- 
cles, 160°C  ambient  temperature  : no  failures 
although  sane  of  the  coil  forms  (duroplast  mat- 
erial) had  beoane  distorted. 

PROCESSING  TRIALS  CN  IEC  STANDARD  MOTORS 

In  comparison  with  Type  W 155  enamelled  wire, 
extruded  enamelled  wire  as  described  above  was 
used  to  wind  stators  for  IEC  standard  motors  (BBC), 
Type  QU  100  L4  AC,  and  assessed  or  tested  as  fol- 
lows: 

- Winding  triads  : no  differences  could  be  found 
to  exist. 

- Heating  measurement,  electrical  heating  through 
the  influence  of  current  up  to  failure  or 
breakdown  ; The  measured  breakdown  times  and 
temperatures  basically  reflect  the  measured 
breakdown  values  and  fusing  points. 


SAMPLE 
No.  3 
No.  6 
No.  8 

Type  W 155 
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MORE  RIGOROUS  SHEATHING  FOR  OUTSIDE  PLANT  CABLES 


J.  D.  Lawler;  R.  Rossi;  K.  J.  Virlus 


General  Cable  Corporation 


Abstract 

In  order  to  minimize  incidence  of  sheath 
damage  during  installation  and  handling  of  filled 
cable,  various  designs  have  been  considered.  This 
paper  will  deal  with  one  such  possibility  - namely, 
a jacket  in  the  mid  density  range.  The  paper  will 
also  present  various  tests  and  test  methods  as  a 
possible  prediction  of  filled  cable  handling 
performance. 


Introduction 

Over  the  recent  number  of  years,  the  design 
of  outside  plant  telephone  cable  has  changed 
dramatically,  filled  cable  being  the  most  promi- 
nent example.  During  this  evolutionary  transition, 
it  became  apparent  that,  in  some  cases,  filled 
cable  behaved  quite  differently  from  the  unfilled 
variety,  especially  during  handling  at  relatively 
high  temperatures.  Occasional  problems  with 
sheath  damage  at  high  temperatures  gave  emphasis 
to  the  fact  that  in  the  more  demanding  direct 
burial  environment,  a more  rigorous  sheath  would 
be  of  advantage  in  minimizing  installation 
problems  with  filled  cable.  This  paper  will  con- 
cern itself  with  filled  cable  mechanical  character- 
istics and  the  means  by  which  these  characteristics 
may  give  rise  to  sheath  damage  problems.  In 
addition,  sheath  evaluation  procedures  will  be 
discussed,  along  with  their  relative  merits. 
Finally,  this  paper  will  present  the  rationale, 
along  with  the  raw  material  criteria,  for  selecting 
an  intermediate  density  polyethylene  jacket  as  a 
sheath  improvement  for  filled  telephone  cables  over 
the  currently  employed  low-density  polyethylene 
jacket. 

Background 

Prior  to  the  introduction  of  filled  cable  in 
the  telephone  system  direct  buried  plant,  the  pre- 
dominant cable  for  such  application  was  Double 
Sheath  Alpeth  such  as  shown  in  Figure  1.  In  some 
cases,  copper  shielding  was  employed  instead  of 
aluminum  to  provide  added  mechanical  protection 
and/or  improved  corrosion  resistance.  The  two 
jackets  were  thought  to  be  necessary  to  provide 
a satisfactory  impediment  to  the  entrance  of 
moisture  into  the  cable  core.  Kith  the  intro- 
duction of  adhesive  copolymer  coated  aluminum 
tape,  it  became  the  shielding  material  of  choice 
in  much  of  the  Independent  Telephone  Industry 
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Figure  1 


From  a handling  viewpoint,  no  major  problems  were 
encountered  with  double  jacketed  cable,  and  sheath 
damage  during  installation  resulted  mainly  from 
rough  plowing  terrain  or  inadvertent  mechanical 
abuse. 

The  basic  premises  for  the  use  of  filled 
cable  in  direct  buried  telephone  plant  have,  by  now, 
been  well -documented.  The  many  years  of  experience 
since  its  introduction  have  also  verified  the  pro- 
jected savings  in  system  maintenance.  Since  the 
industry  now  had  a cable  with  moisture  blocking 
properties,  it  was  determined  that  an  inner  jacket 
on  a direct  burial  cable  was  an  unnecessary  cost 
and  was,  therefore,  eliminated.  In  a relatively 
few  number  of  years,  however,  it  became  quite 
apparent  that  the  handling  properties  of  filled 
cable  differed  from  the  air-core  variety.  In 
addition  to  the2points  raised  by  Pehrson  , it  has 
also  been  shown  that,  at  relatively  high  tempera- 
tures, a filled  cable  jacket  has  a greater  tendency 
to  move  independent  of  the  shield.  The  mechanism 
for  this  phenomenon  will  be  discussed  in  another 
section  of  this  paper,  but  when  coupled  with  rigor- 
ous handling,  the  result  can  be  observed  in  Figure  2. 
In  a very  simplistic  manner,  then,  we  can  say  that 
sheath  buckling  may  be  minimized  by  restricting  the 
motion  of  the  jacket  relative  to  the  shield.  This 
may  be  accomplished  by  increasing  and  maintaining 
the  intimate  contact  bond  between  the  jacket  and 


swelling  will  normally  reach  an  equilibrium  condi 
tion  after  a period  of  time,  but  the  rate  is 
accelerated  by  increase  in  temperature.  The 
following  example  will  illustrate:1 


A ring  of  jacket  material  from  a 150  pair  22  AWG 
cable  was  immersed  in  filling  compound  at  various 
temperatures,  with  the  following  results: 


Aging 

Temp. 


Ring  Diameter 

1 Day  3 Days  Final  % Chi 


If  the  cable,  then,  has  been  exposed  to  relatively 
high  temperatures,  there  may  be  a possibility  of 
excessive  filling  compound  in  the  shield/jacket 
area,  and  the  jacket  may  have  swelled,  eliminating 
the  intimate  jacket/shield  bond.  The  jacket,  then 
is  relatively  free  to  move  over  the  shield  without 
the  physical  restriction  of  the  shield. 


the  shield,  or  by  minimizing  the  tendency  of  the 
cable  jacket  to  deform.  In  this  paper,  we  will 
restrict  ourselves  to  the  latter  of  the  two 
alternatives. 


The  cable  plow  configuration  is  also  a signi- 
ficant factor  in  the  potential  for  the  jacket  to 
buckle.  Figure  3 depicts  a schematic  diagram  of  a 
typical  plow  employed  today. 


Sheath  Faille  Mechanism 


Defined  very  basically,  cable  jacket  buckling 
occurs  when  the  longitudinal  forces  external  to 
the  jacket  exceed  the  bond  strength  at  the  shield/ 
jacket  interface,  jacket  yield  strength  and  the 
column  strength  of  the  jacket.  We  will  define  the 
column  strength  to  be  the  resistance  of  the  jacket 
to  deformation  when  subjected  to  a compressive 
force  parallel  to  the  axis  of  the  cable. 


As  stated  above,  sheath  buckling  occurs 
primarily  at  elevated  temperatures.  Experience  has 
shown  that,  whenQcable  temperature  exceeds  120°F 
(approximately  49  C) , there  is  greater  suscepti- 
bility to  sheath  buckling  during  rigorous  handling. 
In  addition  to  temperature,  other  elements  involved 
are: 


Figure  3 


In  the  path  from  the  pay-off  reel  to  the  plow  chute 
exit,  the  cable  is  subjected  to  frictional  forces 
which  ultimately  contribute  to  the  cable  tension 
as  it  leaves  the  plow  chute.  These  frictional 
forces  are  a function  of  cable  back  tension, 
jacket  material,  bending  radius  and  chute  design. 

A simple  representation  of  the  various  forces 
involved  would  be  as  follows: 


Cable  Thermal  History 
Plowing  Conditions 
Sheath  Design 


As  cable  temperature  increases,  a number  of  events 
occur.  First,  the  cable  components  expand,  and  this 
includes  the  filling  compound.  As  an  example,  the 
thermal  expansion  of  commonly  employed  PE/PJ  fill- 
ing compound  is  in  Jhe  order  of  2%  for  a tempera- 
ture increase  of  40  C.  Depending  on  the  stiffness 
of  the  shield,  and  its  thermal  expansion,  a signi- 
ficant amount  of  filling  compound  can  "extrude" 
through  the  shield  overlap  area  into  the  shield/ 
jacket  interface.  . This  added  material  may  then 
be  susceptible  to  softening,  acting  as  a potential 
lubricant  between  the  shield  and  cable  jacket. 

It  has  also  been  shown  that  polyethylene 
jacket  will  swell  when  in  con|act  with  filling 
compounds  currently  employed.  This  is  due  to 
absorption  of  oils  into  the  jacket  wall.  The 


While  the  forces  acting  on  the  cable  are  much 
more  complex,  the  representation  above  will  suffice 
for  our  discussion.  The  longitudinal  component  of 
the  frictional  force  is,  then,  the  longitudinal 


force  on  the  cable  sheath,  and  can  be  taken  to  be 
the  approximate  difference  between  the  final 
cable  tension  and  the  back  tension.  The  back 
tension  is  a function  of  the  cable  nackaoe  weight 
and  frictional  forces  between  the  reel  and  the 
support  shaft  and  is,  therefore,  variable.  Depend- 
ing whether  manual  assistance  is  provided  to  the 
pay-off  reel,  the  back  tension  may  vary  between 
almost  zero  lb.  to  over  100  lb.  In  many  plowing 
configurations,  the  back  tension  has  a significant 
effect  on  final  cable  tension.  In  one  series  of 
tests,  an  increase  of  30  lb.  in  back  tension 
resulted  in  an  increase  of  250  lb.  in  cable  pull- 
out tension.  The  major  portion  of  this  increase 
is  reflected  in  frictional  force  and  is  a signifi- 
cant contributor  to  sheath  buckling.  Depending  on 
cable  plow  configuration  then,  frictional  forces 
anywhere  between  10  and  700  lb.  may  be  realized. 

If  the  cable  sheath  is  constructed  such  that 
the  longitudinal  force  on  the  jacket  is  transmitted 
to  the  underlying  shield,  the  combined  strength  of 
the  sheath  will,  in  most  cases,  be  sufficient  to 
resist  buckling.  As  given  above,  however,  forces 
within  the  cable  may  weaken  the  intimate  contact 
between  the  jacket  and  shield,  leaving  the  jacket 
alone  to  withstand  the  longitudinal  forces  caused 
by  friction.  When  these  forces  exceed  the  longi- 
tudinal compression  resistance  of  the  jacket, 
buckling  is  a likely  result. 

Sheath  Design  Considerations 

Because  of  the  possibility  that,  due  to 
design  or  internal  cable  stresses,  the  jacket 
alone  may  have  to  bear  the  frictional  forces 
inherent  in  the  cable  plowing  process,  a jacket 
material  was  sought,  which  was  sufficiently  rugged 
to  withstand  these  forces.  Before  proper  materials 
could  be  selected,  however,  a meaningful  sheath 
evaluation  technique  had  to  be  developed.  This 
technique  would  also  have  to  be  translated  into 
raw  material  requirements  which  would  result  in 
the  desired  sheath  design. 

8The  first  consideration  was  a Sheath  Slip 
Test  as  illustrated  in  Figure  5.  The  test  itself 
consists  of  pulling  the  shielded  core  through  an 
opening  which  permits  the  shield  to  pass  through 
yet  is  smaller  than  the  jacket  diameter.  The  basis 
of  the  test  is  to  determine  the  lbs. -force  required 
to  cause  a 12-inch  portion  of  jacket  to  slip  on  the 
shielded  core.  While  the  test  does  in  a fashion, 
simulate  the  compressive  forces  on  the  jacket,  it 
became  evident  that  the  results  do  not  easily  lend 
themselves  to  a comprehensive  analysis  of  possible 
sheath  designs.  The  short  sample  length  is  not 
subjected  to  the  same  forces  that  a long  length  in 
a plow  would  be,  since  the  magnitude  of  the  com- 
pressive force  is  much  less.  The  12-inch  portion 
of  jacket  normally  slips  before  the  compressive 
force  is  so  great  as  to  cause  buckling.  The  Sheath 
Slip  Test,  then,  is  generally  a measure  of  the 
ability  of  the  jacket  to  resist  longitudinal 
motion  relative  to  the  shield. 

As  described  previously,  however,  another 
factor,  perhaps  more  significant,  is  the  column 
strength  of  the  jacket.  The  cable  jacket  buckles 
when  its  resistance  to  compression  is  overcome. 


Figure  5 

In  a very  primitive  analogy,  if  the  jacket  consisted 
of  a rigid  metallic  tube,  it  would  not  buckle  even 
though  it  could  move  independently  of  the  under- 
lying shield. 

s 

A test  was  then  devised  which  would  recognize 
the  column  strength  of  the  jacket,  and  yet  not 
discriminate  against  a sheath  system  utilizing  an 
adhesive  bond  between  the  shield  and  the  jacket. 

An  illustration  of  this  test  is  shown  in  Figure  6. 

The  primary  difference  between  the  Column 
Strength  Test  as  shown  and  the  Sheath  Slip  Test 
shown  in  Figure  5 is  that  the  upward  movement  of 
the  top  portion  of  the  jacket  is  restricted, 
increasing  the  longitudinal  compressive  forces. 

This  more  closely  simulates  a long  cable  length, 
since  in  the  cable  plowing  process  jacket  buckling 
occurs  when  it  is  pushed  back  toward  the  pay-off 
reel  and,  ultimately,  its  motion  is  restricted. 

Jacket  Material 

Low  density,  high  molecular  weight  polyethy- 
lene jacket  material  currently  employed  in  outside 
plant  telephone  cable  sheathing  is  a tough  material 
and  has  performed  its  function  admirably.  In  eval- 
uating the  causes  of  occasional  jacket  buckling, 
however,  it  was  determined  that  some  properties  of 
the  jacket  were  quite  sensitive  to  temgerature. 
and  significantly  in  the  area  over  120  F (48.9°C). 
Since  jacket  buckling  is  primarily  a manifestation 
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Figure  6 

of  jacket  deformation,  it  seemed  reasonable  to 
study  the  basic  physical  characteristics  of  the 
jacket  material  over  a broad  temperature  range. 
Results  for  the  most  commonly  employe^  jacketing 
material  at  the  time  were  as  follows: 

Table  2 


Elonga- 

Tensile 

Tensile 

Test 

tion 

St rength 

Yield 

Temperature 

(Percent) 

(Psi) 

(Psi) 

73. 4°F  (23°C) 

100  °F  (37  8°C) 

720 

2620 

1400 

720 

2120 

1180 

140  F (60  C) 

700 

1560 

880 

158  °F  (70°C) 

519 

950 

667 

As  is  readily  apparent,  while  the  elongation 
remained  fairly  stable,  the  jacket  tensile  strength 
and  tensile  yield  deteriorated  approximately  50%. 

Of  particular  significance  are  the  tensile  yield 
results,  since  tensile  yield  is  a measure  of  the 
tendency  of  the  jacket  to  deform.  Once  the  jacket 
deforms,  slippage  and  resultant  buckling  are  more 
likely  to  occur. 

In  th^  area  of  jacket  spelling,  tests  have 
also  shown  that  currently  employed  low  density 
polyethylene  jacket  may  increase  up  to  10%  in 
volume,  depending  on  the  temperature  or  time 
involved,  when  exposed  to  filling  and/or  flooding 


compounds  employed  in  filled  cable  today.  This 
tendency  to  swell  results  in  jacket  diameter 
increase,  with  possible  resultant  deterioration  of 
the  intimate  contact  between  jacket  and  shield. 

As  a result  of  these  evaluations,  another  test 
program  was  initiated  to  determine  whether  a higher 
density  jacket  would  provide  the  properties  desired. 
Past  experience  with  notch  sensitivity  on  high 
density  polyethylene  jacket  for  telephone  cable 
mandated  a cautious  approach,  and  our  initial 
studies,  therefore,  centered  around  a polyethylene 
jacket  material  in  an  intermediate  density  range. 

It  was  hoped  that  such  a material  would  provide 
some  of  the  toughness  of  high  density  polyethylene 
without  the  attendant  drawback  mentioned  previously. 
As  such,  we  selected  a material  in  the  0.94  - 0.95 
final  density  range. 

The  initial  test  results  were  extremely  promis- 
ing and  met  our  expectations.  After  satisfying 
ourselves  that  notch  sensitivity  and  environmental 
stress  crack  resistance  paralleled  low  density  poly- 
ethylene material,  further  tests  revealed  that  the 
primary  physical  properties  were  much  improved  in 
the  temperature  range  over  120  F (48.9  C) . The 
following  comparative  results  will  illustrate:11 

Table  5 


Elongation  Tensile  Tensile  Yield 


(V) Strength  (Psi) (Psi) 


Test 

I..D. 

Trial 

L.D. 

Trial 

L.D. 

Trial 

Temp 

73. 4°F 
(23°C) 

Poly 

Compd 

Poly 

Compd 

Poly 

Compd 

720 

930 

2620 

4071 

1400 

2908 

100°F 
(37. 8°C) 

720 

1067 

2120 

3957 

1180 

2370 

140°F 

(60°C) 

700 

1350 

1560 

3550 

880 

1681 

158°F 

(70°C) 

519 

912 

9S0 

2965 

667 

1160 

Of  particular  interest  to  note  here  is  that  the 
tensile  strength  and  tensile  yield  results  for  the 
trial  compound  are  significantly  better  than  for 
low-density  polyethylene  jacketing  material.  In 
fact,  the  trial  compound  performs  as  well  at  70  C 
as  £he  low  density  polyethylene  at  room  temperature 
(23°C).  This  result  gains  particular  significance 
when  coupled  with  the  fact  that  sheath  buckling  has 
not  been  experienced  when  cable  temperatures  were 
below  120°F  (48.9°C). 

In  the  area  of  filling  compound  absorption,  the 
trial  compound  exhibited  50%  less  weight  increase 
and  45%  less  volume  change.  Kith  less  swelling, 
the  jacket  will  have  less  of  a tendency  to  increase 
in  diameter,  thereby  better  maintaining  an  intimate 
shield/jacket  interface.  An  interesting  by-product 
of  the  reduced  oil  absorption  into  the  jacket  is 
that,  after  absorption  equilibrium,  the  trial  com- 
pound lost  little  of  its  original  physical  properties, 
whereas  the  low  density  polyethylene  lost  40%  of  its 
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Cable  Evaluation 


original  70°C  elongation. 


In  addition  to  the  positive  results  obtained 
above,  following  is  a brief  listing  of  other  pro- 
perties which  bear  on  the  ability  of  the  sheat^to 
withstand  rugged  handling  during  installation: 

A)  Creep 

Creep  can  be  defined  as  the  permanent  deforma- 
tion of  a material  under  stress.  Test  results  on 
the  trial  compound  indicate  insignificant  tensile 
creep  after  1000  hours  under  250  psi  load. 

B)  Notch  Resistance 

The  trial  compound  exhibited  the  same  excellent 
notch  resistance  as  low  density  polyethylene. 


Table  4 

Column  Strength  (Before  Aging) 


Test 

Cable 

Polyethy- 

lene 

Average 

Column 

Strength 

Tgmp 

c c) 

Sheath 

O.D. 

Jacket 

(Lbs.  to 

J/P.g. 

(Inches) 

Material 

Buckling) 

23 

FPA 

0.560 

low  Density 

140 

50 

• 1 

II 

II  II 

89 

60 

»» 

II 

• 1 II 

80 

70 

It 

II 

It  II 

66 

23 

ASP 

0.640 

low  Density 

165 

50 

it 

II  II 

136 

60 

ii 

it 

II  II 

115 

70 

ii 

ii 

• 1 II 

86 

23 

ASP 

1.01 

Low  Density 

267 

50 

II 

ii 

II  II 

194 

60 

II 

n 

II  II 

138 

70 

" 

it 

II  II 

114 

23 

ASP 

0.940 

Mid  Density 

360 

50 

" 

• 1 

it  it 

292 

60 

it 

II 

•t  it 

248 

70 

ii 

II 

ii  ii 

210 

23 

ASP 

1.250 

Low  Density 

362 

50 

" 

II 

II  II 

283 

60 

ii 

II 

II  II 

194 

70 

•• 

II 

II  II 

163 

23 

ASP 

1.250 

Mid  Density 

395 

50 

II 

II 

II  II 

338 

60 

II 

II 

II  II 

286 

70 

" 

It 

II  II 

240 

23 

FPA 

1.230 

Low  Density 

226 

50 

If 

II 

•i  ii 

182 

60 

It 

• 1 

ii  it 

159 

70 

If 

II 

•i  ii 

101 

In  order  to  determine  whether  the  excellent 
results  on  the  trial  compound  could  be  translated 
into  finished  cable  performance,  column  strength 
tests  were  performed  on  samples  of  cable  - some 
with  low  density  polyethylene  jacket,  others  with 
the  trial  compound.  For  comparative  purposes,  the 
Sheath  Slip  Test  was  performed  on  adjacent  samples. 
In  addition,  other  adjacent  samples  were  aged  in 
polyethylene/petrolatura  compound  at  70°C  for  14 
days  to  determine  whether  additional  aging  would 
have  any  effect  on  the  column  strength  and  sheath 
slip  results.  It  must  be  emphasized  that  the  aging 
process  is  severe,  but  served  to  accelerate  the 
effects  for  purposes  of  the  test.  The  results  of 
the  tests  are  given  in  Tables  4 through  7. 


Table  5 

Column  Strength  (After  Aging) 


Test 

Temp 

Sheath 

Cable 

O.D. 

Polyethy- 

lene 

Jacket 

Average 
Column 
Strength 
(Lbs.  to 

( C) 

Type 

(Inches) 

Material 

Buckling) 

23 

FPA 

0.560 

Low  Density 

128 

50 

•i 

II 

ii  ii 

73 

60 

ii 

• 1 

n it 

81 

70 

ii 

II 

n ii 

82 

23 

ASP 

0.640 

Low  Density 

162 

50 

ii 

II 

ii  ii 

128 

60 

ii 

• 1 

ii  ii 

110 

70 

ii 

II 

ii  ii 

89 

23 

ASP 

1.01 

Low  Density 

245 

50 

ii 

II 

••  ii 

171 

60 

ii 

II 

•i  it 

140 

70 

ii 

II 

••  ii 

150 

23 

ASP 

0.940 

Mid  Density 

383 

50 

it 

II 

II  II 

... 

60 

ii 

II 

II  II 

264 

70 

♦i 

II 

II  II 

203 

23 

ASP 

1.250 

Low  Density 

371 

50 

ii 

II 

ti  ii 

223 

60 

ii 

II 

ii  it 

173 

70 

ii 

II 

ii  ii 

160 

23 

ASP 

1.250 

Mid  Density 

439 

50 

n 

II 

II  II 

349 

60 

•i 

II 

II  II 

269 

70 

ii 

• I 

II  II 

254 

23 

FPA 

1.230 

Low  Density 

215 

50 

ii 

II 

ii  ii 

135 

60 

ii 

II 

ii  ii 

114 

70 

ii 

II 

Ti  il 

136 

Average  Average 


Polyethy- 

Sheath 

Polyethy- 

Sheath 

Test 

Shield 

lene 

Slip 

Test 

Shield 

lene 

Slip 

Temp 

Sheath 

O.D. 

Jacket 

Lbs/ Inch 

Temp 

Sheath 

O.D. 

Jacket 

Lbs/ Inch 

m 

Type 

(Inches) 

Material 

Lbs 

Circumf . 

(°C) 

Type 

(Inches) 

Material 

Lbs 

Circumf. 

23 

FPA 

0.460 

Low  Density 

115 

79.6 

23 

FPA 

0.460 

Low  Density 

5 

3.46 

50 

If 

" 

II  II 

89 

61.6 

50 

II 

II 

II  II 

<5 

<3.46 

60 

ft 

•i 

• I II 

66 

45.7 

60 

II 

II 

• I II 

<5 

<3.46 

70 

ft 

it 

It  If 

39 

30.0 

70 

• 1 

II 

II  II 

<5 

<3.46 

23 

ASP 

0.480 

Low  Density 

40 

26.5 

23 

ASP 

0.480 

Low  Density 

11 

7.29 

50 

• 1 

II  It 

16 

10.6 

50 

If 

II 

ii  it 

13 

8.62 

60 

•t 

" 

It  II 

10 

6.63 

60 

II 

II 

it  ii 

<5 

<3.32 

70 

it 

• 1 

II  It 

10 

6.63 

70 

II 

ii  ii 

<5 

<3.32 

23 

ASP 

0.885 

Low  Density 

184 

66.2 

23 

ASP 

0.885 

Low  Density 

18 

6.47 

50 

" 

II 

• 1 II 

106 

38. 1 

50 

ii 

II 

II  II 

6 

4 2.30 

60 

H 

II 

II  II 

48 

17.3 

60 

h 

II  II 

8 

2.88 

70 

" 

II 

• 1 II 

39 

14.0 

70 

•i 

II 

II  II 

10 

3.60 

23 

ASP 

0.820 

Mid  Density 

144 

55.9 

23 

ASP 

0.820 

Mid  Density 

128 

49.7 

50 

" 

II 

II  II 

113 

43.9 

50 

II 

II 

II  II 

— 

— 

60 

" 

It 

II  II 

85 

33.0 

60 

" 

II 

II  II 

52 

20.2 

70 

it 

• 1 

II  II 

68 

26.4 

70 

II 

II 

II  II 

74 

28.7 

23 

ASP 

1.09 

Low  Density 

88 

25.7 

23 

ASP 

1.09 

Low  Density 

42 

12.3 

50 

II 

• 1 

II  II 

63 

18.4 

50 

it 

" 

II  II 

28 

8.18 

60 

II 

" 

• I II 

47 

13.7 

60 

ii 

ii 

II  II 

23 

6.72 

70 

• I 

II 

♦ 1 II 

41 

12.0 

70 

" 

ii 

II  II 

16 

4.67 

23 

ASP 

1.14 

Mid  Density 

212 

59.2 

23 

ASP 

1.14 

Mid  Density 

166 

46.4 

50 

If 

•i 

ft  II 

158 

44.1 

50 

ii 

II 

II  It 

102 

28.5 

60 

II 

•• 

II  II 

96 

26.8 

60 

ii 

II 

ft  ft 

100 

27.9 

70 

II 

" 

II  If 

92 

25.7 

70 

ii 

II 

II  II 

88 

24.6 

23 

FPA 

1.09 

Low  Density 

60 

17.5 

23 

FPA 

1.09 

Low  Density 

17 

4.96 

50 

II 

it 

" " 

37 

10.8 

50 

ii 

II 

II  II 

11 

3.21 

60 

" 

ti 

it  u 

21 

6.  13 

60 

ii 

II 

II  II 

<5 

<1.46 

70 

• I 

i» 

it  ii 

19 

5.54 

70 

ii 

II 

II  II 

<5 

<1.46 

Reviewing  the  data,  it  is  apparent  from  Table 
4 that  the  column  strength  for  the  Mid-Density 
jacket  is  significantly  higher  than  for  I,ow  Density 
Polyethylene.  In  the  upper  temperature  regions, 
where  field  problems  are  more  likely  to  occur,  the 
higher  column  strength  results  are  of  even  greater 
importance.  In  Table  S,  the  column  strength  results 
for  the  aged  samples  are  basically  similar  to  unaged. 
Both  these  results  were  predicted  by  tests  on  the 
raw  material.  la  the  first  case,  tensile  yield 
for  Mid-Density  Polyethylene  was  much  better  than 
for  Low  Density  Polyethylene.  This  is  reflected 
in  column  strength.  In  the  second  case,  it  was 
shown  that  70  C aging  in  filling  compound  produced 
no  deleterious  effect  on  Mid-Density  Polyethylene, 
nor  on  the  tensile  strength  and  tensile  yield  for 
Low  Density  Polyethylene.  The  ultimate  elongation 
for  Low  Density  Polyethylene,  however,  decreased 
by  40k  from  its  unaged  value.  While  this  is  not 
reflected  in  the  column  strength  test,  one  may 
predict  that,  once  jacket  buckling  commences,  rup- 
ture of  the  cable  sheath  is  more  probable  for  the 
Low  Density  Polyethylene  jacket. 


From  the  slip  test  results  in  Table  6 and  7, 
the  wide  variation  in  jacket/shield  bond  is  apparent. 
The  aged  results  show  yet  further  reduction  in  the 
shield/jacket  interface  bond,  yet  the  column  strength 
did  not  deteriorate.  It  is  felt  that  the  slip  test 
results  may  be  a good  indicator  of  initial  bonding 
between  shield  and  jacket,  however,  aging  phenomena 
make  this  test  an  unreliable  indicator  of  possible 
field  problems. 

The  results  of  the  column  strength  test  become 
meaningful  when  related  to  actual  field  conditions. 
For  a given  thickness  of  jacket,  the  column  strength 
will  be  fairly  consistent  for  a given  material  at  a 
given  temperature  and  is,  therefore,  fairly  predic- 
table on  a worst  case  basis.  With  a knowledge  of 
the  friction  forces  developed  during  plowing  and, 
using  the  column  strength  results,  a cable  for 
minimum  damage  risk  may  be  designed. 


Summary 
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Based  on  the  results  of  the  evaluations,  one 
may  draw  some  general  conclusions. 

a)  Sheath  buckling,  in  filled  cable,  is  a mani- 
festation of  excessive  friction  within  the  cable 
path  in  the  plow;  of  sheath  design  weaknesses;  of 
excessive  cable  temperature. 

b)  Unfilled  cable  is  not  as  susceptible  to  sheath 
buckling  as  filled  cable  due  to  the  greater  bond 
between  sheath  components  and  lack  of  jacket  swelling. 

c)  The  potential  for  sheath  buckling  increases 
significantly  as  cable  temperature  increases  over 
120°F  (48. 9°C) . 

d)  The  potential  for  sheath  buckling  may  be 
reduced  by  increasing  the  column  strength  of  the 
sheath. 

e}  The  column  strength  of  the  sheath  may  be 
improved  by  increasing  the  bond  between  sheath 
components  (which  may  deteriorate  with  time},  or 
by  increasing  the  column  strength  of  the  jacket 
alone. 

f)  The  column  strength  of  the  jacket  may  be 
improved  by  increasing  its  thickness,  or  by  increas- 
ing its  tensile  strength  and  tensile  yield. 

Conclusion 

Necessity  is,  of  course,  the  proverbial 
mother  of  invention.  The  impetus,  then,  for  our 
paper  grew  out  of  field  experience  with  filled 
cable  under  specific  conditions,  and  attempts  to 
solve  existing  problems.  We  have  presented  here, 
hopefully,  an  analysis  of  one  such  problem  and  a 
highly  probable  solution.  Within  the  cable  handling 
environment,  however,  there  are  a number  of  factors 
which  bear  significantly  on  the  ultimate  success  of 
an  installation.  Reduction  of  cable  friction  and 
cable  temperature  also  play  a major  role.  Lacking 
full  control  of  the  friction  to  which  a cable  is 
subjected,  or  the  temperature,  our  approach  was  to 
improve  cable  ruggedness.  Again,  there  may  be  a 
number  of  approaches  to  improving  cable  ruggedness. 

In  light  of  field  experience  and  laboratory  studies, 
however,  the  more  immediate  solution  lay  with  the 
cable  jacket. 

In  this  area,  our  results  indicate  definite 
relationships  between  polyethylene  compound  density 
and  ability  to  withstand  rigors  of  handling.  This, 
however,  may  not  be  the  significant  design  criteria 
to  consider.  Our  studies  indicate  that,  from  a 
performance  viewpoint,  the  jacket  column  strength 
is  of  primary  importance,  with  polyethylene  com- 
pound tensile  strength  and  tensile  yield  to  be  a 
good  barometer  of  success  in  this  endeavor.  It 
goes  without  saying  that  this  must  be  achieved 
without  adversely  affecting  other  important  cable 
performance  requirements. 
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ABSTRACT 

Large  scale  dynamic  cable  testing 
was  created  to  bridge  the  gap  between 
the  laboratory  and  a field  instal- 
lation. In  these  tests  cable  are 
pulled  around  pulleys  or  through 
and  under  controlled  forward  and 
back  tensions.  A conditioning  chamber 
houses  the  give-up  and  permits  test- 
ing over  the  temperature  range  - 50 
to  50oC. 

Though  primarily  proving  test  for 
new  cable  designs  the  facility  is 
also  a valuable  development  and 
troubleshooting  device  by  virtue  of 
its  versatility  and  the  analytical 
nature  of  the  data  generated. 


INTRODUCTION 

The  suitability  of  a cable  design 
for  handling  and  installation  is 
only  fully  proven  by  field  experience. 
Usage  over  a period  of  time  will 
expose  a cable  to  normal  and  abnormal 
conditions,  revealing  any  weaknesses 
in  design  or  material  selection. 

But  before  marketing  a product, 
or  even  releasing  prototypes  for 
field  trial,  the  manufacturer  must 
establish  through  experimentation 
that  the  new  product  will  perform 
satisfactorily. 

A comparison  to  existing,  time-proven 
designs  is  useful.  But  this  is 
not  enough,  particularly  where  novel 
materials  are  involved.  A sheath 
is  a composite  unit  and  the  ensuing 
synergistic  effects  do  not  favour 
extrapolation.  Thus,  to  bridge 
the  gap  between  design  and  installation 
performance  the  Large  Scale,  Dynamic 
Cable  Testing  Facility,  generally 
known  as  the  RIG,  was  developed. 


DEVELOPMENT  OF  MECHANICAL  CABLE  TESTING 

Cable  is  a material  intensive  product 
and  materials  testing  plays  a critical 
role  in  research  and  manufacture. 

In  developing  now  designs  laboratory 
testing  permits  a rapid  and  inexpensive 
optimization  of  material  selection. 

Such  tests  are  wide  ranging  and 
comprehensive,  e.g.  heat  ageing, 
creep,  stress  cracking  sensitivity, 
low  temperature  properties,  and, 
of  course,  tensile  and  elongation 
tests.  However,  they  do  not  help 
predict  with  great  accuracy  the 
behaviour  of  a composite  structure. 
Material  tests  can  be  backed  by 
static  tests  on  a finished  cable, 
such  as  pressurization  trials,  cold 
bending,  impact  etc.  These  generate 
a much  better  appreciation  of  the 
cable's  potential  performance  but 
the  gap  between  this  characterization 
and  installation  conditions  is  still 
large,  as  indicated  schematically 
in  Figure  1. 


FIGURE  li  DIAGRAMATIC  REPRESEUTATIOtl  OF  THE 
ACCUMULATION  OF  DATA 

The  RIG  test  was  developed  to  fill 
this  gap.  Cables  at  temperatures 
ranging  from  -50  to  50°C  can  be  pulled 
around  sheaves  or  through  a curved 
guide  at  speeds  up  to  800  ft. /rain, 
under  controlled  forward  and  back 
tensions.  The  test  cannot  reproduce 
all  the  unusual  hazards  which  might 
occur  in  an  installation.  In  contrast 
many  relevant  parameters  are  measured 
and  the  te3t  is  considered  a dependable 
indicator  of  installation  performance. 
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In  the  early  1970' s a comprehensive 
investigation  was  conducted  with  the 
ain  of  solving  a serious  problem  of 
low  temperature  jacket  fractures 
in  Stalpeth  cables.  Extensive  lab- 
oratory tests  on  homopolymers,  blends, 
and  various  copolymers  of  polyethylene 
had  lead  to  the  selection  of  a par- 
ticular copolymer  LDPE  with  excellent 
low  temperature  properties  for  use 
in  cable.  However,  jacket  failures 
in  cold  installation  persisted. 

Impact  and  bend  tests  were  then 
performed  on  cables  using  different 
flooding  compounds.  Such  tests  gave 
some  indication  of  the  importance 
of  flooding  compound  on  the  jacket 
failure  mechanism  but  it  was  only 
after  dynamic  tests  simulating  instal- 
lation conditions  that  the  mechanism 
was  fully  understood.  These  tests 
were  performed  on  the  RIG,  which 
had  been  specifically  constructed 
for  this  purpose. 

In  its  embryonic  state  the  RIG  comprised 
a large,  angle  iron  frame  supporting 
two  large  pulleys,  over  which  a cable 
could  be  pulled.  Figure  2 shows 
the  device  at  the  La  Tuque  test  site. 
Cables  were  pulled  by  trucks  and 
winches  and  shipping  reels  were  the 
give-ups.  Test  temperature  was 
determined  by  the  weather,  to  which 
the  several  men  needed  to  operate 
the  trials  were  equally  exposed. 

The  La  Tuque  site  had  been  chosen 
for  those  tests  a3  the  most  reliably 
cold  location  at  an  accessible 
distance  to  the  Lachine  Plant. 


FIGURE  2:  ft  6J 
THE  RIG  AT  LA  TUQUE 


Though  rudimentary  by  current  standards 
the  tests  lead  to  a solution  of 
the  sheath  cracking  problem  and 
proved  the  value  of  the  apparatus. 

In  the  course  of  the  investigation 
a large  number  of  cables  of  different 
constructions  and  using  a variety 
of  materials  were  tested.  Performance 
was  judged  by  visual  examination 
of  the  type  and  severity  of  sheath 
damage. 

The  cause  of  the  problem  proved 
to  be  the  interaction  of  the  cold 
temperature  brittleness  of  the 
flooding  conpound  and  the  notch 
sensitivity  of  the  polyethylene, 
illustrating  the  complex  effects 
which  can  occur  in  a composite 
structure.  This  is  illustrated 
by  the  data  shown  in  Table  I.  Black 
flooding  compound  resulted  in  jacket 
cracks  at  -30°C,  and  at  -4 0°C  the 
jacket  shattering  was  dramatic. 

Do  cracks  were  observed  with  white 
compound,  except  at  excessively 
high  speeds  at  -35 °C,  a performance 
which  was  easily  matched  by  the 
Sealpeth  construction. 


TAOLU  I 

SUMMARY  or  STRAIGHT  PAY-OUT  DATA 
LA  TUQUE  TRIALS 
CAULS  DIAMETER  3 III. 


SEALPETH 


STALPETII 

WHITE  (LOW  TEMP.) 
FLOODING  CPD. 

LDPE  JACKET 


STALPETII 

BLACK  (CONVENTIONAL) 
FLOODING  CPD. 

LDPE  JACKET 


(PULP  CORE) 
MOPE  JACKET 


TEMP  SPEED 
•C  It/nln 


Buckles;  no  cracks 


No  damage 
Small  kinks 


Buckles;  cracks 
No  bucklss ; cracks 


Buckles;  no  cracks 
Ho  damage 


Kinks 

Kinks 


7)o  damage 
Duckies;  no  cracks 
Buckles;  cracks 


Bucklss;  cracks 


Kinks,  no  cracks 


Jackst  shatters 


STRAIN  CELL 


TABLE 


WINCH 


CONTROL 


ENVIRONMENTAL 

CHAMBER 


The  La  Tuque  trials  also  showed 
that  open  field  testing  was  uncom- 
fortable, uneconomic  and  difficult 
to  schedule  because  of  the  dependence 
on  the  weather.  Thus  the  RIG  was 
installed  at  Lachine  and  several 
refinements  nade,  as  shown  schematically 
in  Figure  3.  The  cables  are  now 
given-off  from  an  environmental 
chamber  so  that  tests  could  be  nade 
at  -50°C  one  day  and  50°  a couple 
of  days  later  with  no  interference 
from  the  weather.  A wire  rope  attached 
to  a winch  pulls  the  cable  out  of 
the  chamber,  around  the  pulleys  and 
onto  the  lawn.  Only  an  operator 
and  a safety-lookout  man  are  now 
needed.  During  a test  tension,  speed, 
and  sidewall  pressure  are  recorded 
on  a chart  for  later  analysis.  The 
measurable  parameters  and  a typical 
set  of  data  are  shown  in  Table  II. 
Several  aspects  of  the  facility  are 
shown  in  Figure  4. 


FIGURE  4:  The  RIG  at  the  Lachine 
installation. 


Upper  photograph  shows  main  frame. 


Lower  photograph  shows  environ- 
mental chamber,  controls  and 
refrigeration  equipment. 


FIGURE  3 I 


TEST  CATABXLI7Y  Of  RIG 


Typical  Stalpath 
1100  Pr.  22  G a. 


Parana tar 


Cabla  Oia/seter 
Cabla  Length 
Tanparatura 
Pulley  Oiaceter 
back  Tension 


1-1/4*  Ma*. 
120  ft  nan. 
-50  to  50-C 
40  la. 

sooo  iba. 

Kaa. 


Independent 

Independent 

Independent 

Independent 

Generally 

Independent 


3.02  la. 
120  ft. 
-40-C 
40  la. 
540  lba. 


Spcad 

Forward  Tension 


• 00  .'[«  Max 
10.000  lba. 
Mas. 


May  be 

Independent  or 
dependent,  alao 
affected  by  cable 

else 


«00  fpn 
2070  lba. 


jidcuall  Pressure 
Zone.  *t  ion 


2000  lba  Kaa  Dependant 
Visual  Dependent 

asse scant 


II.  A. 

No  Danage, 

occasional 
ana 11  buckles 


STRAIGHT 

PAY-OUT 

CONFIGURATION 


FIGURE  5: 

SIDE  PAY-OUT  CONF IGURATION 


B I 
8 I 


Recently  the  RIG  has  been  further  Icoiithol 
modified  as  shown  schematically  in  ‘ 
Figure  5.  A flexible  guide  of  the 
type  normally  used  in  installations 
is  secured  within  the  angle  iron 
framework.  On  entering  this  guide 
the  cables  are  forced  to  bend  in 
a plane  approximately  at  right  angles 
to  the  plane  of  the  give-up,  which 
is  geometrically  a very  close  simulation 
of  the  side  pay-out  configuration 
frequently  used  in  Canada. 

CORRELATION  BETWEEN  MATERIAL,  STATIC 
AND  RIG  TEST  RESULTS 

In  Figure  1,  reference  was  made  to 
the  concept  of  building  up  data  by 
a sequence  of  tests  i.e.  material, 
static  cable,  and  RIG  tests.  As 
in  any  sequence  or  chain,  correlation 
between  different  stages  can  and 
must  be  expected. 

Material  data  and  static  cable  data 
were  compared  on  the  basis  of  a 
bending  beam  model.  Stress  analysis 
techniques  permit  the  derivation 
of  a complex  bending  beam  equation 
based  on  the  dimensions  of  all  the 
components  and  material  characterization 
data.  Alternately,  the  cable  may 
be  bent  and  the  required  load  measured. 
Bending  load  ratios  of  two  cables 
are  shown  in  Table  III:  the  cor- 
relation between  calculated  and 
measured  values  is  extremely  close. 

In  an  analogous  manner,  static  cable 
and  dynamic  RIG  results  may  be  com- 
pared. In  passing  over  the  pulleys 
in  the  RIG  a cable  is  alternately 
bent  and  straightened.  Using  static 
test  results  for  cable  bonding  and 
applying  stress  analysis  the  work 
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required  to  pass  a cable  through 
the  pulleys  may  be  calculated. 
Examples  of  this,  compared  to  the 
work  performed  by  the  winch  during 
a RIG  test,  is  shown  in  Table  III. 
Again  very  close  correlation  was 
found. 


TABLE  XIX  COMPARISON  Of  MATERIAL  AMP  STATIC  CABLE  RESULT! 


Cable*  Compared i Sealpeth  1100  pr.  22  ga.  pulp  2.77  la.  dla. 

Stalpeth  1000  pr.  24  ga.  pulp  2.9t  la.  dla. 

r • force  to  bend  end  of  10  la.  cable  by  4 la. 
w • Work  required  to  paaa  a cable  through  RIG. 


mOM  MATERIAL  TESTS 
AND  STRESS  ANALYSIS 


T (5** I path) 
f (Staipathf 


r*OM  DIRECT  STATIC  DATA 
AND  STRESS  ANALYSIS 


W (Sealpeth) 
UTStilpetW 


fROM  DIRECT  STATIC 
MEASUREMENT 


f (Sealpeth)  _ , , 
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The  practice  of  comparing  ratios 
was  chosen  in  order  to  minimize 
errors  from  assumptions  or  approxim- 
ations made  in  stress  analysis 
calculations.  Nonetheless,  the 
correlation  between  sets  of  data 
is  compelling,  indicating  that 
mathematical  modelling  techniques 
may  be  applicable  to  mechanical 
cable  testing.  Perhaps  in  the  future 
a complete  mathematical  stress 
model  of  an  installation  may  be 
possible. 
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RIG  TEST  PROGRAM 


A large  cable  testing  program  was 
initiated  with  the  aim  of  develop- 
ing a data  base  from  which  the  effect 
of  various  parameters  on  installation 
performance  could  be  generated. 

The  cables  tested  consisted  of  pulp 
cores  of  various  gauges  contained 
in  Stalpeth  and  Sealpeth  sheaths 
about  3 inches  in  diameter;  Stalpeth 
cables  used  MDPE  and  LDPE  jackets, 
and  black  and  white  flooding  com- 
pounds. The  parameters  studied 
were  pressurization,  back  tension, 
speed  and  temperature,  installation 
performance  being  judged  on  the 
basis  of  pulling  tension  and  cable 
damage . 

Because  of  the  large  number  of  var- 
iables involved  (see  summary  Table 
IV)  a fully  comprehensive  set  of 
results  would  comprise  an  enormous 
multi-dinensional  matrix.  Thus  not 
all  combinations  of  parameters  were 
tested;  instead,  some  40  sets  of 
conditions  were  sampled.  This  limited 
data  base  was  not  considered  suf- 
ficient for  a full  mathematical 
modelling,  but  it  adequately  iden- 
tified general  trends,  as  described 
below. 


f'  TUU  IV 

Variables  in  Data  Base  Study  ^ 

Cor* 

Pulp  300  pr  26  gat  1000  pr  24  gar 
110  pr  22  ga 

Sheath 

Stalpeth,  Sealpeth 

Jacket 

LDPE;  MDPE 

flooding 

Conventional  black  and  low 
temperature  white  compounds 

Orientation 

Straight  and  side  pay-out. 

Temperature 

-40*C  to  ♦50«C 

Speed 

200  ft./nin.  to  400  ft.  min. 

Back  Tension 

600  lbs.  to  1000  lbs. 

0 and  15  psio  ^ 

Core  The  pair  count  and  gauges  used 
were  selected  to  give  similar  cable 
diameters  and  the  type  of  core  used 
had  no  perceptible  effect  on  pulling. 

Sheath  Stalpeth  and  Sealpeth  sheaths 
resulted  in  similar  pulling  tensions 
both  in  straight  and  side  pay-out 
configurations.  In  straight  pay-out 
Stalpeth  with  white  flooding  compound 
and  Sealpeth  are  considered  equiv- 
alent: both  exhibit  small  kinks 
when  tested  at  -40°C  but  do  not 
suffer  from  the  dramatic  sheath 


fractures  which  can  occur  at  very 
low  temperatures  in  Stalpeth  sheaths 
with  black  flooding  compound.  In 
side  pay-out  installations  Stalpeth 
cables  occassionally  exhibit  a twist- 
kink  on  entering  the  manhole  at  the 
give-up  end.  This  effect  was  repro- 
duced in  RIG  testing.  However,  under 
such  conditions  no  damage  was  observed 
with  Sealpeth  sheaths. 

Jacket  In  Stalpeth  constructions 
both  LDPE  and  MDPE  were  tested. 

At  -40°C  the  polyethylene  density 
did  not  significantly  affect  pulling 
tension  but  the  MDPE  jackets  were 
less  susceptible  to  buckling  damage. 

At  50°C  the  cables  could  not  be 
compared  since  the  LDPE  jackets 
ballooned  under  pressure  and  could 
not  be  pulled.  The  MDPE  cables  did 
not  balloon,  were  pulled  easily  and 
without  damage. 

Flooding  Compound  Black  and  white 
flooding  comjxjunds  resulted  in 
similar  pulling  tensions  .except 
at  higher  temperatures  where  white 
compound  resulted  in  easier  pulls. 

From  the  point  of  view  of  damage 
the  effect  of  flooding  compound 
is  very  pronounced,  and  this  is 
further  discussed  under  the  heading 
of  Temperature. 

Orientation  Both  straight  and  side 
pay-out  installation  were  simulated 
on  the  RIG.  The  pulling  tensions 
measured  were  generally  2000  to 
3000  lbs.  for  straight  pay-out  and 
1000  to  2000  lbs.  for  side  pay-out. 

It  should  be  noted  that  orientations 
only  simulate  field  conditions  so 
a comparison  of  straight  and  side 
results  may  not  truly  reflect  a 
comparison  under  field  conditions. 

Where  sheath  damage  occured  buckles 
(perpendicular  to  cable  axis)  were 
observed  for  straight  pay-out  and 
twisting-Jcinks  (buckles  45°  to  cable 
axis)  seen  in  the  case  of  side 
pay-out. 

Temperature  In  straight  pay-out 
the  pulling  tension  decreased  as 
temperature  increased,  as  might 
be  expected;  pulling  tension  at 
50°C  was  about  half  that  experienced 
at  sub-zero  temperatures.  However 
little  change  was  seen  over  the 
range  0 to  -40°C.  In  contrast  the 
trend  was  reversed  in  side  pay-out, 
but  this  effect  may  be  due  to  con- 
densation on  the  cable  exiting  the 
environmental  chamber  and  acting 
as  a lubricant. 


Twist-kinks  were  observed  in  side 
pav-out  on  all  Stalpeth  cables  at 
-30°C  but  at  -20°C  and  higher  temp- 
eratures were  only  observed  on  some 
cables  with  white  flooding  compound. 

At  -40°C,  as  mentioned  above,  shat- 
tered jackets  occur  with  black  flood- 
ing compound . 

Speed  Most  of  the  testing  was  carried 
out  at  near  300  ft./nin.  For  large 
differences  (eg.  200  V3.  400  ft. /min.) 
higher  pulling  tensions  and  more 
damage  occured  at  the  faster  speeds, 
as  might  be  expected. 

Back  Tension  This  parameter  had 
remarkably  little  systematic  effect 
on  pulling  tension.  The  ratio  Pulling 
Tension/Back  Tension  was  2 or  3 
in  straight  pull-out  and  1.5  or  2 
in  side  pay-out. 

Pressurization  This  had  no  signif- 
icant effect  on  pulling  tension. 
However,  under  marginal  damage  con- 
ditions pressurized  cables  performed 
better  than  unpressurized  cables. 

Side  Wall  Pressure  This  was  measured 
by  a strain  cell  embedded  in  a 
pulley?  a continuous  trace  of  the 
sidewall  pressure  on  the  cable  as 
it  rounded  the  pulley  was  obtained. 

At  high  temperatures  this  was  a single 
pulse  (shown  schematically  in  Figure 
6)  but  a3  the  temperature  fell  the 
pulse  divided  into  two.  Thus,  the 
shape  of  the  pulse  gave  an  indication 
of  stiffness  and  the  possibility 
of  cable  damage  could  be  judged  on 
the  pressure  at  the  valley  compared 
to  the  peaks. 


riGURE:  6 

SCHEMATIC  or  SIDE  WALL  t :E!  SU!  E W4  !S 
FOR  LARGE  STALPETH  i.AB.ES 


These  general  conclusions  were  derived 
from  several  tables  of  data  such 
as  that  shown  in  Table  V,  which  also 
illustrates  the  large  amount  of 
information  available  from  current 
RIG  tests. 

USES  OF  THE  RIG 

The  RIG  has  many  functions  and  uses, 
but  most  fall  within  four  general 
headings,  viz. 

1.  Final  test  of  a cable 

2.  Development  test  for  materials 

3.  Versatile  hardware  for  special 
tests 

4.  Fault  investigation 

Perhaps  the  most  important  use  of 
the  RIG  is  that  of  a final  test 
for  any  new  cable  design.  All  recent 
designs  such  as  Hi-Fill  Pulp,  Dri-Fill 
and  Optic  Fiber  cables  have  been 
pulled  through  the  RIG  under  severe 
temperature  and  tension  conditions. 

The  physical  performance  of  the 
cable  was  compared  to  that  of  exist- 
ing designs  to  verify  their  ability 
to  withstand  normal  installation 


TEMP . 

PAIR 

GAUQS 

TABLE  V 

SUMMARY  Or  SIDE  PAY-OUT  DATA 

TAKEN  FROM  CONTEMPORARY  (1978)  DATA 

FLOODING  PULLING  BACK 

N 

•c 

count 

AMO 

SIIEATII 

COMPOUND 

TENSION 

LbS. 

TENSION 

LbS. 

SPEED 

ft/siln 

PRESSURE 

psig 

COMMENTS 

-30 

3000 

2C 

Stalpeth 

White 

1500 

600 

300 

0 

Twlet-Klnk 

3000 

26 

Stalpeth 

White 

1000 

600 

300 

IS 

Twist-Kink 

1100 

24 

Stalpeth 

Black 

1000 

750 

250 

0 

Twist-Kink 

1100 

22 

Stalpeth 

Black 

1100 

1000 

200 

0 

Cracks 

- 29 

3000 

26 

Stalpeth 

White 

1100 

900 

300 

0 

Twist-Kink 

3000 

26 

Stalpeth 

White 

1400 

850 

350 

15 

No  Das*ge 

3000 

26 

Stalpeth 

Black 

1800 

1100 

320 

0 

• • 

1800 

24 

Stalpeth 

Black 

1000 

700 

260 

0 

• * 

1100 

22 

Stalpeth 

Black 

1400 

800 

320 

0 

no 

3000 

26 

Stalpeth 

White 

1500 

600 

300 

15 

Minor  T-K 

3000 

26 

Stalpeth 

White 

1700 

600 

230 

0 

Twist-Rink 

3000 

26 

Stalpeth 

White 

1700 

1000 

360 

0 

No  Danage 

1100 

24 

Stalpeth 

Black 

1750 

700 

330 

0 

No  Damage 

1100 

22 

Stalpeth 

Black 

1800 

920 

300 

0 

No  Denage 

V. 

1100 

22 

Sulpcth 

NIL 

1200 

•00 

250 

0 

No  Danage^ 

handling.  Electrical  and  trans- 
mission characteristics  were  also 
checked. 

The  RIG  is  a very  versatile  piece 
of  equipment  and  may  bo  modified 
to  simulate  a variety  of  conditions, 
on  occasion  the  RIG  has  been  re- 
arranged to  form  a giant  tensile 
testing  machine  capable  of  handling 
a 300  ft.  length  of  cable.  Recently 
a length  of  optic  fiber  cable  was 
thus  tested  in  tension  to  measure 
the  effect  of  load  on  attenuation. 


In  developing  new  materials  or 
designs  the  RIG  testing  of  prototypes 
is  extremely  useful  in  optimizing 
a selection.  The  data  generated 
permits  an  analysis  of  the  cable 
performance  far  beyond  that  possible 
by  simple  visual  examination.  An 
example  of  this  is  the  sidewall 
pressure  measurement  mentioned 
earlier. 

Also  when  an  existing  design  experiences 
installation  problems  in  the  field 
the  RIG  may  be  used  to  simulate 
the  conditions  leading  to  the  problem, 
and  thus  help  provide  a better 
understanding  of  the  process  involved. 

In  particular,  there  have  been 
occasional  reports  of  a twist-kink 
fault  in  Stalpeth  cables,  forming 
at  the  give-up  end  during  side  pay- 
out installation.  Using  the  sim- 
ulated side  pay-out  as  described 
before  these  faults  may  be  reproduced. 
This  matter  is  still  under  study 
and  no  fully  acceptable  solution 
has  yet  been  identified.  The  inci- 
dence of  twist-kink  faults  may  be 
particularly  prevalent  in  the  Canadian 
environment  due  to  the  frequent  use 
of  side  pay-out  and  the  necessity 
for  using  a low  temperature  grade 
of  flooding  compound. 

CONCLUSION 

Material  and  static  cable  tests  play 
an  important  part  in  cable  manu- 
facture but  it  is  the  simulated 
installation  or  RIG  test  that  is 
the  final  reference  regarding  the 
suitability  of  the  cable.  The  mul- 
tiple parameters  accumulated  in  a 
RIG  test  also  permit  an  analytical 
approach  and  appears  to  be  amenable 
to  mathematical  modelling  techniques. 

In  developing  a new  cable  all  type 
of  tests  are  inter-related  as  shown 
in  Figure  7. 
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Regarding  installation  performance 
of  existing  designs  several  general 
conclusions  may  be  made.  For  low 
temperature  application  white  compound 
is  essential  to  avoid  sheath  cracking 
problem;  however  in  side  pay-out 
such  a compound  iB  more  likely  to 
cause  twist-kinks  than  black  com- 
pound. For  high  black  body  temp- 
eratures (60*C)  ballooning  of  press- 
urized cables  nay  occur  with  LOPE 
jackets  though  this  problem  does 
not  affect  MOPE  jackets  under  similar 
conditions.  Sealpeth  sheaths  exhibit 
superior  behaviour  to  optimized 
Stalpeth  sheaths. 
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COPPER  DEACTIVATORS  FOR  POLYOLEFIN  INSULATION 


M.  G.  Chan 
H.  M.  Gilroy 
L.  Johnson 
W.  M.  Martin 

Bell  Laboratories 
Murray  Hill,  N.J. 


Copper  deactivators  are  used  to  stabil- 
ize polyolefin  insulation  in  contact 
with  copper  conductors.  A number  of  new 
commercial  deactivators  have  been  evalu- 
ated in  polyethylene  and  polypropylene 
insulation.  Several  of  these  deactiva- 
tors performed  adequately  in  laboratory 
tests  and  full-scale  plant  extrusion 
trials  with  polyethylene  formulations 
and  are  considered  to  be  viable  alterna- 
tives to  the  deactivators  currently 
specified  for  wire  insulation. 


INTRODUCTION 

Polyolefins  used  for  wire  insulation  must 
be  stabilized  against  thermal  oxidation, 
particularly  that  catalyzed  by  copper. 3,2 
The  stabilizers  currently  specif ied3, 4 
for  use  in  Bell  System  insulation  are 
commercial  grades  of  primary  and  second- 
ary antioxidants  of  which  many  are  spe- 
cified, and  copper  deactivators,  which 
until  recently  were  limited  to  two, 
N,N'-dibenzal  oxalyldihydrazide  (B,  Table 
I)  and  N,N'-bis(3,5-di-tert-butyl-4- 
hydroxyhydrocinnamyl)  hydrazine  (C) . 

In  order  to  increase  the  availability  of 
copper  deactivators  for  Bell  System  appli- 
cations, we  began  a program  to  test  addi- 
tional deactivators.  Additive  manu- 
facturers were  asked  to  submit  samples  of 
copper  deactivators  which  were  available 
commercially  or  which  were  being  consid- 
ered for  commercialization  because  of 
promising  laboratory  results.  These 
copper  deactivators  were  incorporated 
into  polyethylene  or  polypropylene  wire 
formulations,  extruded  onto  22  AWG  copper 
wire,  and  tested  in  the  Experimental 


Pedestal  Installation  Complex  (EPIC) 5 
test  program  and  by  the  usual  oxygen-  ab- 
sorption technique.  As  a result  of  these 
studies,  several  promising  deactivators 
were  selected  for  further  testing  under 
standard  manufacturing  conditions.  They 
were  compounded  into  polyethylene  by  the 
duPont  Company,  extruded  onto  wire  at 
Western  Electric,  and  tested  in  the  EPIC 
program.  Several  deactivators  performed 
well  and  are  specified  now  for  use  in 
Bell  System  polyethylene  wire  insulation. 

MATERIALS  AND  METHODS 
Copper  Deactivators 

The  copper  deactivators  tested  are  iden- 
tified in  Table  I.  All  were  used  as  re- 
ceived from  the  manufacturer.  Deactiva- 
tors A through  E were  available  commer- 
cially at  the  start  of  the  tests.  One  of 
these  additives,  C,  is  a bifunctional 
stabilizer  which  functions  both  as  a 
chain  terminator  of  the  hydrogen  donor 
type  and  as  a copper  deactivator . 6 » 7 , 8 
Additives  B and  E are  marketed  as  copper 
deactivators  and  benzotriazole  (A)  is 
widely  used  to  retard  copper  corrosion. 
Deactivator  D is  marketed  as  an  anti- 
oxidant but  its  structure  suggests  that 
it  should  deactivate  copper.  The  re- 
maining deactivators,  F through  0,  are 
laboratory  samples  which  performed  well 
in  laboratory  tests  of  the  manufacturers. 

The  deactivators  (Table  I)  have  similar 
structures  and  most  are  derivatives  of 
oxamide  or  diformyl  hydrazine.  Infrared 
spectra  of  the  deactivators  all  have  ab- 
sorptions in  the  N-H  (3350-3140  cm-1)  and 
C=*0  (1730-1560  cm-1)  regions.  These  ab- 
sorptions are  complex  and  suggest  that 
the  deactivators  have  several  isomeric 
forms. 

Melting  points  to  290°C  were  obtained  on 
a Mettler  FP51  apparatus  and  those  above 
290°C  on  an  Electrothermal  apparatus 
(Table  II).  All  of  the  deactivators  ex- 
cept A and  D melt  above  200*0.  Many  dis- 
color and  decompose  upon  melting  and  most 
have  a broad  melting  range  which  is  pro- 
bably due  to  the  presence  of  impurities 
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as  well  as  to  the  different  isomeric 
forms  of  the  deactivators.  For  example, 
when  the  melting  point  of  B is  measured 
by  differential  thermal  analysis  (DTA) 
three  distinct  melting  endotherms  at 
330,  337,  and  342°C  are  observed. 

The  thermal  decomposition  temperatures 
of  the  deactivators  were  obtained  by 
thermogravimetric  analysis  (TGA)  on  a 
duPont  Model  951  analyzer.  The  samples 
were  heated  in  nitrogen  and  temperatures 
at  which  initial  and  10%  weight  (t^g) 
losses  occurred  were  recorded  (Table  II). 
All  of  the  samples,  except  A,  have  tj. 
values  greater  than  300°C  indicating  u 
that  the  deactivators  should  be  therm- 
ally stable  during  processing.  There 
is  a small  initial  weight  loss  in  most 
of  the  samples  above  200°C.  Deactiva- 
tors G and  A are  exceptions.  They  have 
initial  weight  losses  at  80°C  and  130°C 
respectively. 

Wire  Formulations 

The  copper  deactivators  were  tested  at 
a concentration  of  0.1  weight  percent  in 
commercial,  unstabilized  polyethylene 
and  polypropylene  resins,  to  which  we 
added  selected  antioxidants.  The  poly- 
ethylene was  a high  density  (.945) 
ethylene-olefin  copolymer,  duPont  Ala- 
thon  6600.  The  polypropylene  was  a 
propylene-ethylene  copolymer,  Hercules 
SB  272.  Antioxidants  were  commercial 
grades  and  used  as  received. 

All  polyethylene  formulations  contained 
0.1  weight  percent  tetrakis  (methylene- 
3 ( 3 1 , 5 ' -di-tert-butyl-4 ' -hydroxy- 
phenyl)  propionate)  methane  (THPM) , an 
antioxidant  commonly  used  in  Bell  System 
wire  insulation.  The  antioxidant  and 
the  deactivators  were  premixed  into  the 
polyethylene  on  a two-roll  mill  before 
extrusion. 


Samples  containing  deactivators  D,  and  K 
through  O,  were  extruded  later  as  they 
became  available.  Additional  control 
samples  containing  deactivator  B were 
prepared  during  these  later  extrusions. 

Test  Methods 

Oxygen  absorption  tests  were  run  at  1406C 
on  the  wire  formulations.  Wires  were  cut 
to  lengths  containing  0.1  grams  of  poly- 
mer insulation.  They  were  oxidized  in 
the  usual  fashion1*  and  data  reported  in 
the  form  of  average  extrapolated  induc- 
tion times. 

EPIC  tests  were  run  on  all  the  wires  in 
the  temperature  range  of  90  to  110°C. 
Samples  were  stressed  periodically  and 
time  to  first  observation  of  cracking  due 
to  oxidation  reported.  Samples  were 
placed  in  the  EPIC  pedestals  shortly  after 
extrusion.  Hence,  formulations  contain- 
ing deactivators  A through  J (except  D) 
were  placed  in  one  series  of  pedestals 
while  those  containing  D,  and  K through 
O were  tested  in  other  sets  of  pedestals. 
Care  was  taken  not  to  mix  antioxidant 
formulations  or  resins  in  a single  ped- 
estal . 

Full  Scale  Extrusion  Trails 

Full  scale  extrusion  trials  of  resins 
containing  several  of  the  copper  deacti- 
vators were  made  at  the  Western  Electric 
Product  Engineering  Control  Center  (PECC) 
laboratory  in  Atlanta.  Lots  (150  lbs)  of 
Alathon  6600  polyethylene  resin  contain- 
ing the  selected  formulations  (see  below) 
were  compounded  by  the  duPont  company. 

The  resins  were  extruded  onto  26  AWG 
copper  wire  on  a 2 1/2  inch  production 
extruder  using  operating  conditions 
normal  to  Western  Electric.  The  extruded 
wires  were  placed  under  test  in  the  EPIC 
program. 


Two  polypropylene  formulations  were 
tested:  one  containing  0.25  weight  per- 
cent of  the  bifunctional  additive,  C, 
(Table  I),  the  other  containing  0.5 
weight  percent  of  an  oligomer  of  4,4'- 
thiobis (3-methyl-6-tert-butyl  phenol) 
(OTBP) .9  These  antioxidants  had  been  re- 
commended previously  for  use  in  poly- 
propylene insulation.6  The  antioxi- 
dants and  deactivators  were  dry-blended 
into  polypropylene  powder  in  a Waring 
blender  before  extrusion. 

Laboratory  wire  samples  were  prepared  by 
extruding  the  pre-blended  polyolefins 
onto  22  AWG  copper  wire  using  a twin- 
screw  extruder  and  conditions  designed 
to  simulate  plant  extrusions.1®  The 
extruder  was  purged  after  extrusion  of 
each  deactivator  formulation.  Formula- 
tions containing  deactivators  A through 
J (except  D)  were  extruded  as  a group. 


RESULTS 

laboratory  Scale  Extrusions 

In  analyzing  the  results  of  the  oxygen 
absorption  (Table  III)  and  EPIC  tests 
for  copper  deactivator  performance 
(Table  IV)  we  use  the  formulations  con- 
taining deactivator  B as  standards.  Re- 
sults for  these  standard  formulations  are 
shown  in  Figure  1 and  appear  as  standard 
curves  in  Figures  2,  3 and  4.  The  poly- 
propylene-C  (Table  I)  formulation  clearly 
outperforms  the  polypropylene-OTBP  and 
polyethylene-THPM  formulations.  The 
latter  formulations  give  almost  identical 
results  in  the  oxygen  absorption  test 
but  differ  somewhat  in  the  EPIC  tests, 
with  the  polypropylene  system  the  better 
of  the  two.  The  performance  of  the  poly- 
propylene systems  in  the  EPIC  tests  may 
be  due  to  better  retention  of  the  sta- 
bilizers by  the  polypropylenes. 
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The  superior  performance  of  the  poly- 
propylene-C  formulation  occurs  with 
all  of  the  copper  deactivators.  Most 
of  the  deactivators  tested  enhance  the 
stability  of  the  0.25%  base  formulation. 
Results  for  several  of  the  deactiva- 
tors are  illustrated  in  Figure  2.  The 
long  term  stability  of  these  formula- 
tions in  the  EPIC  program  is  particularly 
impressive.  Many  of  the  samples  are 
still  under  test  at  90°C  after  two  years. 

Interestingly  one  of  the  best  formula- 
tions in  all  the  tests  is  that  of  poly- 
propylene with  0.35%  C,  the  bifunctional 
additive.  This  system  outperforms 
every  other  system  tested.  Polypropy- 
lene containing  0.35%C  is  three  to  four 
times  more  stable  than  the  standard 
polyethylene  insulation  containing  THPM 
and  B.  For  example  at  140°C  the  poly- 
propylene- 0.35%C  formulation  lasts 
469  hours  while  the  polyethylene-THPM-B 
formulation  lasts  178  hours  (Table  III). 

Because  C is  itself  a copper  deactiva- 
tor it  is  difficult  to  draw  conclusions 
about  the  performance  of  other  copper 
deactivators  in  formulations  containing 
C.  Hence,  we  must  examine  individual 
deactivators  in  systems  free  of  other 
metal  deactivators  such  as  the  OTBP  and 
THPM  formulations.  The  oxygen  ab- 
sorption data  at  140°C  (Table  III)  for 
most  of  these  formulations  are  similar. 

A poor  deactivator,  G,  is  weak  in  both 
systems  while  good  deactivators,  B,  F, 

I,  J,  and  L perform  well  in  both  systems. 

The  EPIC  tests  for  the  polypropylene- 
OTBP  formulations  (Table  IV)  give  some- 
what different  results  than  are  found 
in  the  higher  temperature  oxygen  ab- 
sorption tests.  Failure  times  for  the 
polypropylene  formulations  in  EPIC 
cluster  around  the  failure  time  for  the 
weakest  sample  (Table  IV,  Figure  3). 

Once  one  formulation  fails  in  a pedestal 
containing  polypropylene  samples,  the 
other  formulations  in  that  pedestal  fail 
shortly  afterwards.  A similar  effect 
was  observed  previously  in  multiple  DTA 
tests  on  polypropylene  resins.12  Appar- 
ently oxidation  products  from  a failed 
sample  can  catalyze  the  failure  of  adja- 
cent samples.  In  the  longer  EPIC  tests, 
e.g.,  polypropylene-C  samples  lasting 
more  than  a year,  wires  were  removed  as 
soon  as  failure  was  observed. 

The  spread  in  the  data  is  much  greater 
for  the  polyethylene-THPM  formulations 
(Table  IV,  Figure  4)  and  the  lower 
temperature  EPIC  data  reflect  the  oxygen 
absorption  data  with  one  exception.  The 
sample  containing  G which  is  weak  in  the 
140,  110,  and  100°C  tests  has  the  same 
stability  as  the  sample  containing  B in 
the  90°C  test.  The  samples  containing 


I and  J give  outstanding  results  in  this 
test. 

On  the  basis  of  these  tests  we  believe 
that  a number  of  deactivators  show  pro- 
mise for  use  as  copper  deactivators  in 
the  Bell  System.  Four  deactivators  are 
weak;  A,  E G and  M.  The  other  deacti- 
vators perform  as  well  as  B and  two,  I 
and  J,  appear  superior  to  B.  In  general, 
we  have  found  that  the  hydrazines  slight- 
ly outperform  deactivators  derived  from 
oxamides . 

The  commercial  availability  of  the  de- 
activators now  becomes  important. 

Several  of  the  deactivators  are  eliminated 
from  further  consideration  because  at 
present  we  do  not  believe  that  they  will 
be  available  commercially.  They  are:  H, 
I,  K,  L and  M.  Two  deactivators,  N and  O, 
are  being  evaluated  by  their  manufac- 
turer, i3  and  we  are  awaiting  their  com- 
mercialization before  evaluating  them  fur- 
ther. The  rest  of  the  deactivators  are 
either  commercially  available  now  or  will 
be  shortly. 

Full-Scale  Extrusion  Trials 

Before  specifying  new  deactivators  we 
must  be  sure  that  they  will  not  interfere 
with  the  wire  extrusion  process  and  that 
they  will  remain  active  after  exposure 
to  normal  processing  conditions.  Three 
of  the  new  deactivators,  F,  G and  J,  were 
tested  under  plant  extrusion  conditions 
at  Western  Electric,  Atlanta  and  their 
performance  compared  to  that  of  one  of 
the  deactivators  currently  specified,  C. 
The  deactivators  were  tested  in  high 
density  polyethylene,  the  insulation 
most  widely  used  in  the  Bell  System. 
Formulations  were  prepared  by  the  duPont 
Company  in  polyethylene  containing  sev- 
eral different  antioxidants  (Table  V) . 

All  of  the  formulations  extruded  smoothly. 

EPIC  data  (Table  V,  Figure  5)  for  the 
plant  wires  shows  that  formulations  con- 
taining the  deactivator,  G,  are  less 
stable  than  those  containing  the  other 
deactivatois while  formulations  containing 
F and  J perform  well.  Similar  conclusions 
can  be  reached  from  the  results  of  the 
laboratory  trials  (Table  IV) . In  addi- 
tion the  plant  wire  data  indicate  that 
OTBP  and  C are  acceptable  antioxidants 
for  high  density  polyethylene. 

It  is  interesting  to  compare  the  data  from 
the  plant  extrusion  trials  with  some  of 
our  older  EPIC  data.  Included  in  Figure 
5 are  failure  points  for  low  density 
polyethylene  wire  insulations  tested  in 
EPIC  pedestals.  These  wire  samples  are 
representative  of  materials  that  failed 
in  field  installations  in  less  than  five 
years  in  some  hotter  regions  of  the 
country.1*  Any  formulation  that  performs 
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nearly  an  order  of  magnitude  better  than 
the  low  density  polyethylene  samples  in 
Figure  5 is  considered  to  be  adequately 
stabilized  for  maximum  design  life  in 
field  installations.  Insulations  con- 
taining both  F and  J meet  this  require- 
ment in  these  tests  and  therefore, 
these  deactivators  have  now  been  speci- 
fied for  use  in  high  density  poly- 
ethylene wire  insulations. 

CONCLUSIONS 

As  a result  of  the  tests  reported  here 
we  believe  that  we  have  a comprehensive 
evaluation  of  all  copper  deactivators 
potentially  available  commercially.  No 
one  of  them  is  outstanding  but  several 
perform  adequately.  We  have  added  two, 

F and  J,  to  our  high  density  poly- 
ethylene specification.  Several  others, 
currently  available  commercially,  E 
and  D,  are  somewhat  weaker  but  might  be 
adequate  under  some  conditions,  for 
example  at  a higher  concentration.  One 
deactivator  0 is  very  promising  in  high 
density  polyethylene  and  will  be  tested 
further  should  it  become  available 
commercially. 
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TABLE  I 

COPPER  OEACTIVATOWS 


SOURCE 

STRUCTURE 

A 

SHERWtl-W«_UAMS  CO. 

<§r^3 

N 

B 

EASTMAN  CHEMCAL  PROOUCXS,  INC 

<J 

[^ocwc-], 

C 

oaA-GEKir  com 

0 

osA-GExrr  com. 

[ CMjCNM  (CH,!,— ], 

E 

ARGUS  CHEMICAL  CORR. 

(SlS.WfcC—  H 

0 

f 

EASTMAN  CHEMICAL  RR00UCT5.  NC 

PBOPRgTART 

G 

R.T.  VANDERBILT  CO..  INC. 

[©rf;**-]. 

M 

MONSANTO  INDUSTRIAL  CNEJBCALS  CO 

Z 

AMQRCAN  CTANAMC  CO. 

4 

AMERICAN  CYANAMO  CO 

K 

USE  INDUSTRIES.  LTD. 

0 0 0 

CM,oo<o)<NHi<Mecn.a»© 

L 

UK  INOUSTRO.  LTD. 

[©CWCHCNM— ], 

M 

UK  INOUSTRIO.  ltd. 

9 9 

HO.^CHMNHCCH  • O*© 

N 

UK  M0USTRC3.  LTD. 

RRORRCTARY 

0 

UK  INDUSTRIES.  LTD. 

©CM-  CHCNMNHC-^ 
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table  II 

TWFBMtT.  PROPERTIES  op  COPPER  derivators 


Daactlvstor 

Malting  Point 

Decomposition  Temperature 
Initial  t1Q 

A 

97-100 

130 

190 

B 

333-336 

210 

340 

C 

231 

235 

400 

D 

161-162 

275 

347 

E 

307-310 

220 

314 

P 

276-286 

210 

323 

G 

295 

80 

335 

a 

286 

280 

340 

l 

249 

283 

345 

j 

252-257 

230 

355 

X 

206-208 

255 

315 

L 

279-281 

270 

338 

M 

302-305 

270 

338 

N 

303-307 

290 

340 

0 

281-283 

230 

305 

TABLE  HI 


OXYGEN  ABSORPTION  RESULTS  - 14Q°C 


Copper  Polyethylene- THPM  Polypropylene-OTBP  Polypropylene-C 

Deactivator  Average*  Induction  Tine-  Average  Induction  Tine-  Average  Induction 

Hours Houra Tine-Hours 


None 

- 

39+5  (4) 

253  + 6 (3) 

A 

3 ± 1 (2) 

— _ 

_ 

Bb 

178  + 21  (2) 

169  + 26  (4) 

282  + 4 (3) 

C 

- 

172  + 13  (7) 

469  + 14  (3) 

E 

- 

84  + 17  (3) 

197  + 48  (6) 

P 

179  + 74  (2) 

187  + 21  (4) 

330  +44  (5) 

G 

10+8  (2) 

91+9  (3) 

298  + 14  (6) 

H 

131  + 1 (2) 

135  + 17  (4) 

267  + 12  (6) 

I 

34+8  (2) 

179  + 17  (4) 

433  + 21  (3) 

J 

229  + 76  (2) 

238  + 5 (4) 

380  + 8 (4) 

D 

- 

119  + 10  (4) 

300  + 15  (4) 

t 

163  + 21  (4) 

137  + 4 (4) 

317  + 8 (4) 

L 

180  + 49  (3) 

165  + 16  (4) 

431  + 62  (4) 

K 

<21  “ 

106  + 13  (4) 

315  + 4 (4) 

N 

Bb 

123  + 9 (3) 

173  + 14  (4) 

241  + 10  (4) 

28  + 37  (4) 
279  + 17  (4) 

N 

225  ♦ 29  (2) 

_ 

0 

355  ♦ 0 (2) 

- 

• 

Bb 

199  + 19  (3) 

- 

- 

Nunbere  In  parentheses  Indicate  number  of  runs 


Control  extrusions 


Experiment 


1 


2 


103 


r 


TABLE  IV 

TIME  TO  INITIAL  FAILURE  111  EPIC  LABORATORY  EXTRUSION  SAMPLES 


Copper 

Deactivator 

Polyethylene-THPM 

Time  to  Failure-Days 

110°C  100°C  90°C 

Po lypropy lene-OTBP 
Time  to  Failure- 
Days 

110°C  100°C  90°C 

Polypropylene-C 

Time  to  Fallure-Daya 
110°C  106°C  100°C 

90°C 

None 

_ 

_ 

56 

119 

208 

. 

209 

342 

491 

A 

9 

34 

53 

- 

- 

- 

- 

- 

- 

- 

B« 

50 

53 

149 

62 

132 

274 

- 

233 

406 

742 

C 

- 

- 

- 

62 

132 

288 

- 

531 

544 

>742 

E 

- 

- 

- 

58 

126 

244 

- 

434 

544 

>742 

F 

74 

60 

193 

73 

153 

317 

- 

317 

531 

614 

G 

10 

29 

149 

48 

132 

244 

- 

244 

320 

742 

H 

126 

127 

350 

57 

119 

274 

- 

273 

320 

531 

I 

126 

339 

350 

69 

145 

317 

- 

365 

544 

742 

J 

151 

338 

350 

71 

153 

288 

- 

365 

406 

742 

D 

» 

_ 

_ 

122 

>160 

_ 

156 

_ 

287 

_ 

K 

- 

- 

- 

122 

>160 

- 

156 

- 

211 

- 

L 

- 

- 

- 

122 

>160 

- 

156 

- 

211 

- 

M 

- 

- 

- 

102 

>160 

- 

156 

- 

287 

- 

N 

- 

- 

- 

>122 

>160 

- 

156 

- 

199 

- 

Ba 

“ 

122 

>160 

156 

“ 

287 

“ 

N 

67 

_ 

195 

_ 

- 

_ 

_ 

. 

- 

_ 

0 

77 

- 

>195 

- 

- 

- 

- 

- 

- 

- 

Ba 

77 

“ 

>195 

“ 

“ 

“ 

- 

Control  extrusions 

TABLE  V 

TIME  TO  INITIAL  FAILURE  IN 

EPIC  FULL-SCALE  EXTRUSION  TRIALS* 

Deactlvaror 

Antioxidant 

Failure  Tlme-Davs 

0.1  Wt.  X 

0.1  Wt. 

X 

110°C 

100°C 

F 

THPM 

37 

85 

G 

THPM 

13 

38 

J 

THPM 

49 

97 

C 

THPM 

48 

99 

C 

C 

56 

92 

F 

OTBP 

52 

98 

G 

OTBP 

30 

53 

J 

OTBP 

49 

73 

C 

OTBP 

51 

83 

a All  formulations  are  In  high  density  polyethylene 
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SUMMARY 


The  thermal  oxidative  degradation  of  polyolefins 
ia  accelerated  by  a direct  contact  with  oopper. 

The  present  research  deals  with  the  influence  of 
aromatic  dibasic  acid  dihy dr azides  and  their  de- 
rivatives on  this  copper-accelerated  degradation 
and  their  efficiency  as  copper  deactivators. 

Out  of  this  investigation  there  emerged  an  excel- 
lent copper  deactivator,  N,  N*-di-«( -phenoxypro- 
pionyl-( isophthalyl  d ihy dr azide) . Even  a small 
amount  of  this  new  copper  deactivator  added  to 
polyolefins  was  found  to  be  highly  effective  in 
inhibiting  their  degradation.  It  was  further 
observed  that  the  deactivator  is  thermally  stable 
in  high  temperatures  up  to  about  350°C  and  has 
almost  no  effect  on  the  color  or  physical  pro- 
perties of  polyolefins. 

The  new  copper  deactivator  was  applied  with 
good  results  to  insulations  of  solid  and  formed 
polyolefin- insulated  communication  cables,  cross- 
linked  polyethylene- insulated  control  cable  and 
polyvinyl  chloride- insulated  electric  equipment 
wires. 

1.  INTRODUCTION 

Polyolefins  such  as  polyethylene,  cross- 
linked  polyethylene,  and  polypropylene  are  widely 
used  as  insulating  material  for  wire  and  cable. 

When  used  at  high  temperatures,  these  polyolefins 
are  affected  by  the  oxygen  in  air  and  undergo  a 
thermal  oxidative  degradation,  which  Impairs 
their  mechanical  and  electrical  properties.  When 
polyolefins  are  in  direct  contact  with  a transi- 
tion metal  such  as  copper,  the  thermal  oxidative 
degradation  is  markedly  accelerated.  In  wires 
and  cables  in  which  the  copper  conduotor  is 
directly  covered  with  a polyolefin  insulation, 
this  copper-accelerated  degradation  is  a major 
factor  in  determining  the  performance  and  life 
of  the  cable. 

H.H.  Hansen  et  al  were  the  first  to  study 
the  copper-acoelerated  thermal  oxidative  degrada- 
tion of  polyolefin  insulations  in  dat&il  and  to 
describe  copper  deaotivators.  Since  then,  many 
studies  have  been  made  in  different  parts  of  the 
world,  aiming  at  developing  mors  effective  oopper 
deactivators.  By  now,  many  kinds  of  materials 
such  as  oxlmide,  triazole  and  hydr azide  derivat- 
ives are  known  to  have  an  inhibiting  effeot  and 
thus  to  serve  aa  copper  deactivatorr^ . At  the 
past  symposiums,  methods  of  testing  the  aocelera- 
ted  aging,  the  relationship  between  the  efficien- 
cy and  the  ohemical  structure  of  copper  deactova- 
tora,  and  the  synergistic  action  of  antioxidants 
and  copper  deactivators  were  reported  °r'9. 
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Yet,  very  few  copper  deactivators  have  been 
applied  practically  because  a stabilizer  added 
to  wire  and  cable  insulations  is  required  to 
ensure  various  properties  of  the  insulation  in 
addition  to  inhibition  of  copper-accelerated 
degradation. 

This  paper  describes  the  results  of 
research  on  aromatic  dibasic  acid  dihydrazides 
and  their  derivatives. 

Aromatic  dibasic  acid  dihydrazides  exhibit 
an  inhibiting  effect  on  copper-accelerated 
degradation.  This  effect  was  found  to  change 
according  to  the  position  of  the  substituted 
group.  Isophthalyl  dihy dr azide  with  two  hyd- 
razide  groups  in  a meta  position  showed  an 
outstanding  performance  in  this  respect.  Among 
the  derivatives,  N.N'-di-of-phenoxypropionyl- 
( isophthalyl  dihydrazide) , which  has  phenoxy 
groups  at  both  of  the  ends,  proved  to  be  an  ideal 
additive  for  wire  and  cable  insulations  satisfy- 
ing all  the  requirements  of  a stabilizer  in 
addition  to  being  a powerful  copper  deactivator. 

2.  MECHANISM  OF  THERMAL  OXIDATIVE  DEGRADATION 

OF  POLYOLEFINS  AND  ACTION  OF  COPPER 

DEACTIVATORS 

The  past  decades  have  seen  much  progress  in 
the  study  of  the  mechanisms  of  thermal  oxidative 
degradation  £uid  the  stabilization  of  polyolefins. 
Today,  it  is  recognized  that  the  oxidation  reac- 
tion of  polyolefins  is  based  on  a radical  chain 
reaction  such  as  shown  in  Fig.  1.  10,  11 

Under  the  influence  of  heat  or  another 
energy,  a polyolefin  generates  a polymer  radical, 
which  then  reacts  with  oxygen  to  produce  a peroxy 
radical.  The  peroxy  radical  receives  hydrogen 
from  another  polymer,  to  produce  hydroperoxide. 

At  the  same  time,  a polymer  radical  is  formed. 

The  hydroperoxide  dissociates  into  alkoxy  ra- 
dicals and  hydroxy  radicals.  Thus , as  this 
radical  chain  reaction  proceeds,  the  molecular 
chain  of  the  polyolefin  is  severed  and  polar 
molecules  are  formed. 

This  oxidative  degradation  of  polyolefins 
can  be  inhibited  by  adding  an  antioxidant  such 
as  a radical  chain  terminator  or  a hydroperoxide 
deoompoeer. 

In  an  oxidative  degradation  where  the  poly- 
olefins are  in  contact  with  copper,  however,  the 
cupric  ion  produced  by  oxidation  of  copper  reacts 
readily  with  the  hydroperoxide.  This  reaction 
produces  radicals,  and  thus  the  oxidative  de- 
gradation proceeds  at  such  a high  velocity  that 
an  ordinary  oxidation  inhibitor  cannot  suppress 
the  degradation.  In  order  to  prevent  oopper- 
oatalyzed  degradation,  it  will  be  necessary  to 
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use  a ligand,  which  is  capable  of  arresting  the 
cupric  ion  in  a chemically  stable  state.  Such 
a ligand  should  readily  form  a complex  with 
cupric  ion  and  the  formed  complex  should  be 
chemically  stable. 

On  the  other  hand  a wire  and  cable  insula- 
ting material  must  meet  various  performance 
requirements  in  addition  to  resisting  thermal 
oxidative  degradation.  Therefore,  a copper 
deactivator  to  be  added  to  an  insulation  should 
have  the  following  characteristics: 

(1)  Effective  inhibition  of  degradation  by  a 
small  amount  added  to  the  insulation. 

(2)  No  vaporization  or  chemical  change  during 
processing  and  the  use  of  the  polyolefin. 

(3)  Good  dispersion  in  polyolefins  and  good  com- 
patibility. 

4)  No  effect  on  the  color  of  polyolefins. 

5)  No  adverse  effects  on  electrical  and  mechani- 
cal properties  of  polyolefins. 

(6)  No  adverse  effects  on  the  action  of  other 
additives. 

(7)  Good  resistance  to  water  and  oil 

3.  INHIBITION  OF  r.OPPTB - tr.C.Pl.ERATED  DBfTRADA- 

TIQH  BY  AROMATIC  DIBASIC  ACID  DIHYDRAZ TOES 

AND  THEIR  DERIVATIVES  ~ 

3.1  Oven  aging  life  test 

In  the  present  study  the  inhibition  of 
copper-accelerated  degradation  was  evaluated 
by  the  oven  aging  life  test  using  a copper 
dish.  This  is  a simple  test,  which  however 
allows  a direct  observation  of  the  state  of 
degradation. 

Test  pieces  were  prepared  in  the  follow- 
ing manner:  0.1  phr  of  antioxidant, tetrakis 
[methylene  ( 3 , 5-di-t-butyl-4-hydroxyhydro- 
cinnamate)]  methane,  and  0.1  phr  of  copper 
deactivator  were  added  to  low  density  poly- 
ethylene, which  was  then  mixed  for  10  minutes 
in  a mixing  roll  at  140°C.  The  rolled  sheet 
was  pressed  for  3 minutes  in  a hot  press  at 
180°C,  to  produce  a pressed  sheet  of  0.5mm 
thickness.  Prom  this  sheet,  five  rectan- 
gular pieces  measuring  10  mm  by  3-0  mm  were 
prepared.  Each  of  the  five  pieces  were 
placed  on  a copper  dish,  which  had  been 
washed  thoroughly . 

The  five  test  pieces  were  placed  in  an 
air  oven  at  150  °C  and  observed  visually  fov 
signs  of  discoloration  and  embrittlement. 
Since  stabilized  polyethylene  usually  under- 
goes local  degradation,  the  time  elapsed 
before  discoloration  or  embrittlement 
oocurred  in  three  of  the  five  pieces  was 
measured  and  defined  as  the  oven  aging  life. 

Table  1 shows  the  oven  aging  life  of 
low-density  polyethylene  containing  only 
an  antioxidant  and  compares  the  results  of 
a test  using  copper  dishes  as  described  above 
with  another  test  using  aluminum  dishes.  It 
will  be  seen  that  the  oven  aging  life  with 
copper  dishes  is  about  one-fourth  of  that 
with  aluminum  dishes.  This  is  obviously 
the  result  of  an  acceleration  of  thermal 
oxidative  degradation  by  copper. 

gl.arwftttE.tefeMlg,  acid  tearfosaJ-des 

With  respect  to  the  dihydrazides  of  the 


aromatic  dibasic  acids  of  phthalic  acid,  iso- 
phthalic  acid  and  terephthalic  acid,  the 
influence  of  these  materials  on  the  inhibi- 
tion of  copper-accelerated  degradation  was 
investigated  and  the  results  are  summarized 
in  Table  2. 

It  is  recognized  from  these  data  that 
the  inhibiting  effect  of  three  isomers  is 
markedly  different.  The  highest  effect  was 
obtained  with  isophthalyl  dihydrazide,  in 
which  the  substituted  groups  are  at  a meta 
position  in  the  benzene  nucleus.  The  second 
highest  effect  was  shown  by  phthalyl  dihy- 
drazide and  the  lowest  by  terephthalyl  di- 
hydrazide. It  is  considered  that  the  cata- 
lytic action  of  the  cupric  ions  is  inhibited 
by  the  formation  of  a complex  between  the 
hydrazide  group  and  the  ion.  Therefore 
inhibition  will  increase  with  the  stability 
of  the  complex,  which  inturn  increases  with 
the  electron  density  of  oxygen  and  nitrogen 
atoms  in  the  hydrazide  group. 

With  respect  to  the  interaction  between 
the  lone-pair  electrons  in  the  hydrazide 
group  and  the  * -electrons  in  the  benzene 
nucleus  in  isophthalyl  dihydrazide,  it  is 
assumed  that  both  of  the  two  hydrazide  groups 
have  a high  electron  density  due  to  the 
resonance  structure  shown  in  Pig.  2.  On  the 
other  hand,  in  phthalyl  dihydrazide  and 
terephthalyl  dihydrazide,  in  which  the  two 
substituted  groups  are  in  ortho  and  para 
positions,  respectively,  it  is  assumed  that 
the  hydrazide  group  has  a low  electron 
density  because  the  two  substituted  groups 
influence  each  other. 

3.5  Effect  of  isophthalyl  dihydrazide  derivatives 

The  above  data  show  that  isophthalyl 
dihydrazide  has  the  highest  effect  of  in- 
hibiting copper-accelerated  degradation  among 
all  aromatic  dibasic  acid  dihydrazides , sub- 
sequently a few  derivatives  of  isophthalyl 
dihydrazide  were  synthesized  and  investigated 
for  their  efficiency,  in  an  attempt  to 
improve  thermal  and  chemical  stability. 

Of  the  various  derivatives,  the  most 
effective  one  was  N,N'-di-®l  -phenoxypro- 
pionyl-( isophthalyl  dihydrazide),  which  has 
phenoxy  groups  at  the  ends  of  the  molecule. 
The  test  results  are  shown  in  Table  3- 

By  adding  0.1  phr  of  this  copper  deacti- 
vator to  low-density  polyethylene,  the  oven 
aging  life  can  be  increased  by  about  4 times 
of  that  of  nontreated  polyethylene.  Thie 
results  in  a higher  oven  aging  life  than  in 
the  test  with  aluminum  dishes,  where  ac- 
celerated degradation  does  almost  not  occur. 
Such  a high  inhibiting  effect  is  not  seen  in 
conventional  copper  deactivators  available 
on  the  market. 

4.  CHARACTERISTICS  OF  THE  NEW  COPPER  DEACTIYA- 
TOR 

4.1  Degradation  inhibiting  effect 

The  influence  of  different  amounts  of 
the  copper  deactivator  on  extending  the  oven 
aging  life  of  low-density  polyethylene  were 
measured  and  the  results  are  shown  in  Fig.  3. 
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of  the  copper  deactivator  in  addition  to  sta- 
bilizers and  antioxidants  results  in  an  esti- 
mated servioe  life  of  at  least  40,000  hours  at 
the  rating  temperature  of  105°C. 

6.  CONCLUSIONS 

In  an  attempt  to  prevent  thermal  oxidative 
degradation  of  polyolefin  insulators  in  contact 
with  copper,  the  effect  of  aromatic  dibasic  acid 
dihydrazides  and  their  derivatives  on  the  inhibi- 
tion of  copper- accelerated  degradation  was  in- 
vestigated. 

It  was  demonstrated  that  N,N'-di-  tit  -pheno- 
xyproplonyl-(isophthalyl  dihy dr azide)  not  only  is 
highly  effective  in  inhibiting  copper-accelerated 
degradation  but  also  has  good  properties  as  an 
additive  to  be  used  in  wire  and  cable  insula- 
tions. 

Good  results  were  obtained  by  applying  the 
new  copper  deactivator  to  insulations  of  commu- 
nication and  control  cables  and  electric  equip- 
ment wires. 
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The  oven  aging  life  increases  initially 
with  the  amount  of  the  deactivator  added  but 
saturates  for  high  doses.  Thus  for  each 
copper  deactivator,  there  seems  to  be  a 
limit  in  oven  aging  life.  One  reason  for 
this  is  that  the  complex,  which  is  formed 
between  the  deactivator  and  the  cupric  ion, 
has  a residual  action  of  accelerating  the 
oxidative  degradation  of  polyolefins. 

With  an  amount  of  0.5  phr  of  the  new  copper 
deactivator,  the  oven  aging  life  is  extended 
about  six  times  over  that  without  any 
deactivator,  and  the  effect  of  copper  is 
almost  completely  eliminated. 

The  copper  deactivator  was  also  tested 
with  high-density  polyethylene  and  polypro- 
pylene, in  audition  to  the  previous  low- 
density  polyethylene.  The  results  are  shown 
in  Pig.  4.  While  each  polymer  uses  a 
different  antioxidant  a similar  inhibiting 
effect  was  obtained  for  all  three  polyole- 
fins. 

4.2  Thermal  stability 

The  thermal  stability  of  the  new  copper 
deactivator  was  tested  with  a differential 
scanning  calorimeter  and  the  results  are 
shown  in  Pig.  5. 

An  endothermic  peak  due  to  crystalline 
melting  is  observed  at  225  C.  Otherwise,  no 
thermal  change  is  noted  in  the  temperature 
range  between  50  and  350"C.  Therefore  this 
copper  deactivator  will  not  cause  vaporiza- 
tion or  thermal  decomposition  even  when 
exposed  to  high  temperatures  during  proces- 
sing amd  under  the  normal  operating  condi- 
tions of  the  polyolefins. 

4.3  Effect  on  physical  properties  of  polyolefins 

Low-density  polyethylene  containing  up 
to  0.5  phr  of  the  new  copper  deactivator 
was  tested  for  flow,  mechanical  and  electri- 
cal properties.  The  results  are  shown  in 
Pig.  6. 

It  is  seen  that  the  melt  index,  the 
tensile  strength,  and  the  elongation  of  the 
polyethylene  remain  almost  unchanged  regard- 
less of  the  amount  of  the  deactivator. 

These  results  confirm  that  the  deactivator 
disperses  well  in  the  polyethylene, has  good 
compatibility  and  causes  no  chemical  change. 

As  for  dielectric  properties,  an  addi- 
tion of  the  copper  deaictivator  results  in 
a slight  increase  in  the  dielectric  constant 
and  the  dissipation  factor.  This  is  because 
the  deaictivator  is  a polar  substance.  At 
low  amounts,  no  problem  will  be  encountered 
for  all  practical  purposes. 

5.  APPLICATION  TO  WIRE  AMD  CABLE  INSOLATION 

5.1  Foamed  polyolefin-insulated  comnunlcatlon 
cable 

In  local  telephone  cables,  multi-pair 
cables  with  small  size-conductors,  which 
allow  the  installation  of  a large  quantity 
of  comaunication  circuits  in  cable  ducts  of 
limited  size,  and  petroleum  jelly-filled 
cables,  in  which  the  reliability  is  Improved 
by  blocking  the  penetration  of  water,  are 
required  in  the  world.  Recently  26AWG  x 


4600  pairs  cable  and  0.4mm  x 2000  pairs  jelly- 
filled  cable  were  developed  to  fulfill  these 
requirements.  The  new  copper  deactivator 
was  applied  to  the  formed  polyolefin  insula- 
tions  of  these  cables. 

The  cores  of  these  cables  consisted  of 
copper  wires  having  a 0.4  mm  diameter  covered 
with  insulations  of  about  0.15  mm  thickness. 
Table  4 lists  the  results  of  tests  on  the 
properties  of  these  cables.  It  will  be  seen 
that  addition  of  the  copper  deactivator  has 
no  effect  on  the  extrudability  or  other 
properties  of  the  foamed  polyolefin  insula- 
tion. 

Results  of  a thermal  aging  life  test 
made  with  the  cores  of  these  cables  are 
presented  in  Fig.  7*  Two  different  samples 
were  used.  One  was  an  untreated  core,  while 
the  other  was  a core  immersed  for  14  days  in 
a petroleum  jelly  water-blocking  compound 
at  70°C.  These  cores  were  heated  in  an  air 
oven  and  wound  on  a rod  with  the  same  dia- 
meter as  the  core.  Thermal  aging  life  was 
taken  as  the  time  required  to  initiate 
cracking  or  discoloration 

Extrapolation  of  the  data  in  Fig.  7 to 
an  operating  temperature  of  60°C  shows  that 
a life  of  at  least  40  years  is  assured  when 
the  copper  deactivator  is  used. 

5.2  Crosslinked  polyethylene-insulated  control 
cable  

Control  cables  to  be  used  in  high- 
temperature  environments  have  to  be  cross- 
linked  polyethylene- insulated  cables  with 
improved  heat  resistance.  The  newly  develop- 
ed copper  deactivator  was  used  to  stabilize 
the  insulation  of  such  a cable. 

Table  5 shows  the  properties  of  an 
experimentally  manufactured  600V  7 x 2 SQ 
control  cable.  The  cable  core  consists  of  a 
copper  strand  conductor  (outside  dianeter: 

1.8  mm)  covered  with  a crosslinked  polye- 
thylene insulation  of  0.6  mm  thickness 
containing  antioxidants  and  the  copper 
deactivator.  It  was  manufactured  hy  the 
atmospheric  pressure  crosslinking  method. 

It  will  be  seen  that  the  cable  has  good 
mechanical,  heat  deformation,  and  electrical 
properties.  Pig.  8 shows  the  change  in  the 
electric  breakdown  voltage  during  long-term 
immersion  of  the  cable  core  in  water.  Both 
AC  and  DC  breakdown  voltages  remain  stable. 

It  is  thus  estabilished  that  this  copper 
deactivator  does  not  undergo  any  chemical 
change  even  when  in  contact  with  water. 

In  a accelerated  aging  test,  it  was 
verified  that  the  maximum  operating  tempera- 
ture of  this  cable  oan  be  set  at  90°C. 

5.3  Pol.win.vl  chloride- insulated  electric 
equipment  wire 

Copper-accelerated  degradation  was  also 
found  in  plasticized  polyvinyl  chloride 
insulations.  Therefore  the  new  copper 
deactivator  was  applied  to  polyvinyl  chloride- 
insulated  wire  having  a bare  or  tinned  copper 
conductor  to  be  used  at  high  temperature. 

For  instance  in  a crosslinked  polyvinyl 
chloride- insulated  electric  equipment  wire, 
accelerated  aging  tests  showed  that  the  use 


of  the  copper  deactivator  in  addition  to  sta- 
bilizers and  antioxidants  results  in  an  esti- 
mated service  life  of  at  least  40,000  hours  at 
the  rating  temperature  of  105°C. 


6.  CQNCLPSICMS 


In  an  attempt  to  prevent  thermal  oxidative 
degradation  of  polyolefin  insulators  in  contact 
with  copper,  the  effect  of  aromatic  dibasic  acid 
dihydrazides  and  their  derivatives  on  the  inhibi- 
tion of  copper- accelerated  degradation  was  in- 
vestigated. 

It  was  demonstrated  that  N,N'-di-  Of  -pheno- 
xypropionyl-( iaophthalyl  dihydrazide)  not  only  is 
highly  effective  in  inhibiting  copper-accelerated 
degradation  but  also  has  good  properties  as  an 
additive  to  be  used  in  wire  and  cable  insula^ 
tions. 

Good  results  were  obtained  by  applying  the 
new  copper  deactivator  to  insulations  of  commu- 
nication and  control  cables  and  electric  equip- 
ment wires. 
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Chain  reaction 
Initiation 

HH  — e R.  + H* 

Propagation 

R*  + O2  ■■  ROO  » 

ROO.  + RH  — *■  ROCH  + R* 

ROCH  — ► RO*  + H0» 

Termination 

H.  + R-  e RR 
R.  + ROO.  — * Inert  products 
R00-+  ROO*  — ► Inert  products 
Stabilization  by  antioxidant 
Chain  inhibition 

ROO.  + HA  — ► ROCH  + A.  (Stable) 
RO.  + HA  — *•  RQH  + A.  (Stable) 

HO.  + HA  — * HQH  + A-  (stable) 
Peroxide  decomposition 
ROQH  + RSR  — * Inert  produots 
Effect  of  copper 

Catalytic  peroxide  decomposition 
Cu  — ► Cu++  + 2e 
ROOH  + Cu++ ».  ROO-  + Cu+  + H+ 

ROOH  + Cu+  ► RO-  + Cu++  + OH- 

Stabilizat-on  by  copper  deactivator 
Complex  formation 

Cu++  + n-L  — * (Cu  (L)nJ  ++ 

Pig.  1 Mechanism  of  thermal  oxidation 
of  polyolefins 


Table  2 Effect  of  aromatic  dibasic 

acid  dihydrazides  in  copper- 
accelerated  degradation  of  low- 
density  polyethylene 


Copper 

Chemical 

Oven  aging 

deactivator 

structure 

life  at 
150°C 
(hours) 

Phthalyl 

CONHNHo 

1 

230 

dihydrazlde 

CONHNHg 

CONHNHo 

r 41 

Isophthalyl 

C0NHHH2 

CQNHNH0 

A 

460 

dihydr azide 

Terephthalyl 

v 

170 

dihydrazlde 

C0NHNH2 

Antioxidant:  0.1  phr 
Copper  deactivator  : 0.1  phr 


Table  1 Influence  of  copper  on  thermal 
oxidative  degradation  of  low- 
density  polyethylene 


Oven  aging 

Test  method 

life  at  150  °C 

(hours) 

Copper  dish  method 

150 

Aluminum  dish  msthod 

t — ... 

540 

Antioxidant  1 0.1  phr 


Pig.  2 Resonance  structure  of  isophthalyl  dihydrazlde 


r 


Table  3 Effect  of  isophthalyl  dihydrazide  derivatives  in  copper-accelerated 
degradation  of  low-density  polyethylene 


Copper  deactivator 

Chemical  structure 

Molecular 

weight 

Oven  aging 
life  at  150°C 
(hours) 

N,N'-di-  « -phenoxypropyonyl- 
( isophthalyl  dihydrazide) 

C0NHNHC0CH(CHj)0 

^Xccmhnhcoch(ch;)o— 

490 

570 

N,N'-di-  * -phenoxybutyloyl- 
( isophthalyl  dihydrazide) 

C0NHNHC0CH  (C^)  0 _ 

C0NHNHC0CH  (C2H5)0 

518 

550 

Commercial  deactivator  A 

- 

- 

400 

Commercial  deactivator  B 

- 

- 

310 



Antioxidant  : 0.1  phr,  Copper  deactivator  : 0.1  phr 


i 

[ 


j 


n : Antioxidant,  0.1  phr 


Amount  of  copper  deactivator  (phr) 

Fig.  4 Effect  of  the  new  copper  deaotivator  on 

Fig.  3 Relationship  between  the  amount  of  copper  copper-aocelerated  degradation  of  polyolefine 

deactivator  and  the  oven  aging  life  of  low- 
density  polyethylene 


e 

£ 

4* 

O 


Fig.  5 Differential  scanning  calorimetry  curv* 
of  the  new  copper  deactivator 
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£ = Dielectric  constant 


tan/  = 

Dielectric  dissipation  factor  ^ 


0 0.1  0.2  0.3  0.4  0.5 

Amount  of  copper  deactivator  (phr) 

Tig.  6 Influence  of  the  re*  copper  deaotivator  on 
physical  properties  of  low-density  polyethylene 
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O i Copper  deactivator  added 
e > Copper  deactivator  added, 
and  treated  by  petroleum 
\\  Jelly  compound  for  14  days 

\ at  70°C 
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a : No  copper  deactivator 
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\ 


\ 


X \\ 

\ \ \ 

\ \ \ 


Temperature  (°C) 

60  60  | 100  , 120  14q  160  180 


3.0  2.8  2.6  2.4  2.2 

Absolute  Temperature-1  (lo-^  °K-1) 

Pig.  7 Thermal  aging  life  of  formed  polyolefin- 
insulated  conmunication  cable  core 


Issuers  ion  time  (days) 

Tig.  8 Electrical  breakdown  properties  of  cross- 
linked  polyethylene- insulated  cable  core  after 
immersion  in  water 
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Table  4 Properties  of  formed  polyolefin- insulated  communication  cables 


Item 


Physical  properties  of  insulation 
TenBile  strength 
Elongation  at  break 
Cold  bend 
Shrink  back 

Compression  resistance 
Stress  crack  resistance 
Electrical  properties  of  cable 
Mutual  capacitance  (l  kHz) 
Capacitance  unbalance  (l  kHz) 
Insulation  resistance  (20°C) 
Dielectric  withstand 
(between  conductors  and  shield 
Par  end  crosstalk  loss  (150  kHz 


26  AWG  x 4,600  pairs  cable 

0.4mo  x 2,000  pairs  Jelly- 
filled  cable 

Test  method 

Test  result 

Test  method 

Test  result 

REA  PE-22 

It 

If 

II 

2.6  kg/um2 

450  i, 

0/10 

1.7  mm/152  mm 

BP0  CV  1236 

It 

BPO  CV  1236 

n 

it 

6.0  N 

460  <f> 

1.2  mm/lm 

Good 

Good 

REA  PE-22 

II 

II 

II 

Ave.53  nP/km 

RMS  19  PF/305m 
Above  100  kMn-km 
Good 

BPO  CV  1236 

it 

11 

Avg. 52  nP/km 
MAX. 50  PF/500m 
Above  50  kMn-km 

II 

RMS  74  db/505m 

- 

- 

s 


? 


Table  5 Properties  of  600V,  7x2  SQ.  crosslinked  polyethylene-insulated  control  cable 


Item 

Test  method 

Test  result 

Physical  and  aging  properties  of  insulation 

Tensile  strength 

IPCEA  S-66-524 

2.4  kg/mm2 

Elongation  at  break 

400  <f> 

Heat  deformation  (121°C,  500  g,  1 hr.) 

" 

20  io 

Aging  test  (l21°C,  168  hrs) 

Retention  of  tensile  strength 

II 

105  # 

Retention  of  elongation 

II 

100  f 

Bending  test  after  aging  (l50°C,  25  days) 

- 

Good 

Electrical  properties  of  cable  core 

Insulation  resistance 

_ 

260  kMn-km 

AC  breakdown  voltage 

40  kV 

DC  breakdown  voltage 

“ 

190  kV 
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summary 

A statistically  designed  experimental  grid 
program  was  utilized  to  characterize  the 
effect  of  foaming  agent  as  well  as  incre- 
mental antioxidant  and  metal  deactivator 
upon  the  stability  of  a commercially  avail- 
able polypropylene  resin.  A mathematical 
approach  was  used  to  quantify  the  primary 
effects  of  these  additives  and  their  in- 
teractions. The  method  is  applicable  to 
def inethe  most  cost  efficient  compositions 
for  a wide  range  of  performance  levels. 

The  results  of  this  study  are  compared  to 
simil  ar  work  on  high  density  polyethylene 
(HDPE)  reported  by  this  laboratory  in  1977 . 
The  OIT  stability  of  commercial  polypro- 
pylene is  significantly  higher  than  that 
of  HDPE  both  for  solid  and  foamable  grades. 
Both  materials  show  increased  stability 
with  additions  of  incremental  antioxidants 
Incremental  addition  of  metal  deactivator 
had  a definite  and  beneficial  effect  on 
the  stability  of  foamable  polypropylene  in 
the  absence  of  copper,  but  had  no  effect 
on  the  foamable  HDPE.  Either  the  foaming 
agmnt  or  the  presence  of  copper  alone 
lowers  the  stability  of  polypropylene  while 
HOPE  is  affected  only  by  the  combination 
of  these  two  factors. 

Introduction  and  Objectives 

This  paper  represents  the  conclusion  of  a 
two-part  work  on  the  oxidative  stability 
of  the  two  polyolefins  most  commonly  used 
today  as  primary  insulation  for  conduc- 
tors in  communications  cable.  The  first 
part  concerned  itself  with  high  density 
polyethylene  (HDPE)  exclusively  and  was 
presented  at  this  symposium  in  1977.*-  The 
objectives  of  the  present  work  were  to: 

- Quantify  the  antioxidant  - metal  deac- 
tivator - foaming  agent  interaction  for 
polypropylene . 


- Estimate  the  limiting  stability  of  foam- 
able polypropylene. 

- Establish  the  cost  of  stability  improve- 
ment for  foamable  polypropylene. 

- Compare  the  stability  behavior  of  HDPE 
and  polypropylene. 

Background 


Low  density  polyethylene  (LDPE) , high  den- 
sity polyethylene  (HDPE)  and  polypropylene 
(PP)  are  the  resins  traditionally  used  to 
insulate  telephone  conductors.  Interest 
in  foamed  insulation  within  the  past  two 
decades  lias  stemmed  from  its  potentially 
lower  cost  and  higher  pair  density  per 
unit  cable  cross-sectional  area,  especial- 
ly in  filled  cables.  A foamable  HDPE 
using  azobisformamide  as  the  blowing  agent 
first  appeared  around  I960.2 


It  has  been  reported  that  the  blowing 
agent  or  its  reaction  products  reduces 
the  thermal  stability  of  HDPE  insula- 
tion.3'4 Foamed  HDPE  insulation  was 
found  to  have  poorer  sta  bility  when  com- 
pared to  solid  HDPE  insulation  in  the  pre- 
sence of  copper5'6  but  not  in  the  absence 
of  copper.3  One  worker  has  postulated 
that  the  cellular  structure  itself  may 
contribute  to  reduced  stability  in  the 
foam  by  facilitating  an  increased  rate  of 
oxygen  diffusion  into  the  matrix.7  The 
authors'  own  work  has  led  them  to  the  op- 
posite cone lus ion. 3 


IPCEA  Working  Group  434  has  recently  re- 
ported on  life  prediction  studies  of 
solid  and  foam  HDPE  and  PP  conmercial  in- 
sulations by  oven-aging,  OTA,  and  a 
variety  of  physical  tests.5  Petrolatum 
exposure  has  been  found  to  reduce  the 
stability  of  HDPE  but  not  that  of  the  low 
or  medium  density  polyethylenes . The 
mechanism  of  the  catalytic  effect  of  cop- 
per oxide  upon  the  oxidation  of  polypro- 


116 


q i a 

pylene  has  received  further  attention.  ',LU 
Other  workers  have  concentrated  on  optimi- 
zing the  efficiency  of  stabilizers,  par- 
ticularly metal  deactivators.^  including 
a bifunctional  metal  deactivates:  - antiox- 
idant. 13  ft  number  of  patents  have  been 
recently  granted  for  a variety  of  polyole- 
fin - stabilizer  packages. 13 "l0 

The  effect  of  temperature  upon  the  stability 
of  HOPE  as  measured  by  the  DSC-oxidative 
induction  tine  method  has  been  found  to  be 
non-linear  in  the  melting  region  using 
an  Arrhenius  plot,*9  so  that  the  technique 
is  unsuitable  for  service  temperature  life 
prediction.  It  has  also  been  observed  that 
a variety  of  stabilizer  systems  tested  at 
several  temperatures  by  DSC  showed  cross- 
over in  performance  upon  comparison  of  the 
high  and  low  temperature  results.20  How- 
ever, for  a single  stabilizer  package,  the 
order  of  stability,  as  measured  by  TGA- 
oxygen  uptake,  for  a series  of  polyethylene 
samples  did  not  change  in  the  range  of  115- 
200°C.21 


In  this  work,  the  authors  used  a three- 
dimensional  experimental  grid  program  of  DSC 
-oxidative  induction  times  for  polypropylene 
to  quantify  the  interactions  of  antioxidant, 
metal  deactivator  and  foaming  agent  and  show 
the  relationship  between  the  desired  stabil- 
ity level  and  the  lowest  possible  cost  at 
that  level.  It  was  assumed  that  the  stabil- 
ity order  determined  for  a variety  of  addi- 
tive concentrations  at  200°C  will  be  the 
same  at  typical  service  temperatures. 


Materials 


Experimental 


The  polypropylene  compound  utilized  was  a 
commercially  available  product  in  pellet 
form.  The  antioxidant  (AO)  employed  was 
tetrakis [methylene  3 - (3  ’ ,5 '-di-tert- 
butyl-4 ' nydroxyphenyl)  proprionatel  methane : 

0 J 


C I “ OH 2 "CHj 


C(CH-j) 3 
OH 

<C(CH3)3 

while  the  metal  deactivator  (MD)  was  N,N ' - 
dibenzal  oxalyl  dihydrazide: 


0 O 


and  the  foaming  agent  (FA)  was  azobisforma- 
mide  (also  known  as  azodicarbonamide  or 
azodicarboxylic  acid  diamide) t 


0 O 

II  II 

h2n-c-n=n-c-nh2 


The  commercial  grade  of  polypropylene  used 
is  stabilized  with  unknown  quantities  of 
antioxidant  and  metal  deactivator  but  con- 
tains no  foaming  agent.  The  experimental 
compositions  that  were  produced  for  this 
study  contained  known  incremental  concentra- 
tions of  antioxidant  (AAO)  and  metal  deac- 
tivator (AMD)  (over  and  above  the  unknown 
amount  in  the  base  resin).  The  various 
levels  of  foaming  agent  represented  total 
concentrations  (FA)  of  that  particular  ad- 
ditive . 

Procedure 


The  experimental  compositions  were  produc- 
ed in  a two-step  process.  Masterbatches  of 
antioxidant  and  metal  deactivator  were  com- 
pounded at  2.4%  w/w  in  polypropylene.  The 
foaming  agent  masterbatch  was  compounded 
at  5.8%  w/w  in  solid  grade  HDPE  so  that 
this  initial  compounding  could  take  place 
at  a temperature  (160°C)  sufficiently  low 
to  minimize  decomposition  of  the  blowing 
agent.  These  masterbatches  were  in  turn 
compounded  with  polypropylene  to  achieve 
the  final  formulations  specified  in  the 
grid  program.  HDPE  was  added  at  this  stage 
as  necessary  in  order  to  bring  all  of  the 
final  formulations  to  the  same  concentra- 
tion in  HDPE  (i.e.  10%  w/w).  The  exact 
concentrations  of  AAO, AMD,  and  FA  in 
each  experimental  composition  are  speci- 
fied in  Table  1. 

Compounding  was  performed  in  a Brabender 
Plasticorder  equipped  with  a roller  5- 
type  measuring  head.  The  final  composi- 
tions were  mixed  in  40  gram  batches  at 
182°C  (360°F)  and  50  rpm  for  10  minutes. 
Masterbatches  and  experimental  formula- 
tions were  each  passed  once  through  a 
Farr el  two-roll  mill  (6  x 13  inches)  at 
104°C  (220°F) . A Wabash  hydraulic  press 
set  at  175°C  and  5500  lbs./sq.in.  was  used 
for  3 minutes  to  press  each  of  the  15  ex- 
perimental formulations  to  8 mil  thick 
films.  Compositions  containing  foaming 
agent  were  not  allowed  to  foam  by  perform- 
ing the  compounding  below  the  blowing 
temperature . 

The  oxidative  induction  times  (OIT)  were 
determined  on  a Perkin-Elmer  model  IB 
Differential  Scanning  Calorimeter  (DSC) 
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at  200°C  in  oxygen.  Samples  were  prepared 
by  punching  3mm  diameter  discs  from  the 
films  to  give  typical  sample  sizes  of  1.4 
to  1.7  mg.  All  experiments  were  performed 
in  duplicate  and  the  averages  were  employ- 
ed in  the  statistical  treatment. 

Experimental  Design 

The  experimental  grid  program  used  to  eval- 
uate the  stability  optimization  of  polypro- 
pylene was  identical  to  that  already  em- 
ployed to  characterize  HOPE  and  has  been 
described  in  great  detail.1  The  grid  was 
designed  to  assess  the  following  variables: 

Xx  = incremental  antioxidant  concen- 
tration (A  AO)  , ranging  from  0 
to  0.24%  w/w. 

X2  = incremental  metal  deactivator 
concentration  (AMD)  , ranging 
from  0 to  0.24%  w/w. 

X3  = total  foaming  agent  concentration 
(FA),  ranging  from  0 to  0.58% 
w/w. 

The  responses  of  interest  were : 

Yft  = OIT  in  copper  contact  measured  in 
minutes. 

YB  = OIT  in  the  absence  of  copper 
measured  in  minutes. 

Yc  = Relative  cost  of  added  (incre- 
mental) stabilizers  on  an  arbi- 
trary scale  of  0 for  the  commer- 
cial compounds  to  100  for  the 
combination  of  0.24%  antioxidant 
+ 0.24%  metal  deactivator. 

The  experimental  grid  (Figure  1)  is  a three- 
variable,  multilevel,  center  weighted, 
patched  orthogonal  design  and  requires  15 
experiments.  The  variables  are  on  5 levels 
(designated  as  very  low,  low,  medium,  high 
and  very  high  in  Figure  1 and  Table  1)  and 
expressed  in  “experimental  units"  ranging 
from  -1.215  e.u.  for  very  low  levels  to 
+1.215  e.u.  for  very  high  levels. 


The  generalized  equation  for  a given  re- 
sponse is: 


Y = aQ  + alXl  + ajXj  + 83X3 

allxl2  + a22x22  + a33*3  + 

a12*lx2  + a13*lx3  + “23*2*3 

where  the  X's  are  the  additive  concentra- 
tions expressed  in  experimental  units. 

The  experimentally  determined  responses 
YA.  Yd,  and  Yc  were  used  to  generate  the 
coefficients  of  the  three  response  equa- 
tions which  are  listed  in  Table  2. 

The  coefficients  were  then  used  to  back 
calculate  the  predicted  or  "computed"  re- 
sponses for  each  experiment.  Figure  2 and 
Table  1 compare  the  "computed"  Yfl  values 
for  each  experiment  with  the  "actual"  val- 
ues. The  difference  between  the  computed 
and  actual  values  is  a measure  of  "fit"  or 
validity  of  the  approximation.  The  stand- 
ard deviation  and  the  relative  error, 
other  measures  of  the  "fit",  are  both 
given  in  Table  2.  The  relative  cost,  Yc, 
whose  linear  equation  requires  only  three 
coefficients  is  not  differentiated  with 
respect  to  "actual"  or  "computed"  values. 

Discussion 

Polypropylene  Stability  in  Copper  Contact 

The  primary  effects  of  the  three  vari- 
ables, incremental  concentrations  of  anti- 
oxidant and  metal  deactivator,  and  foaming 
agent  level  are  presented  in  Figures  3-7. 
Figure  3 shows  the  effect  of  antioxidant 
in  the  solid  compound  (i.e.,  FA  « 0%) 
while  Figure  4 shows  the  same  additives 
effect  in  the  foamable  compound  (i.e., 

FA  = 0.58%).  In  both  cases  there  is  a 
monotonic  increase  in  stability  with  in- 
crease in  Aao.  This  indicates  that  both 
compositions  could  be  further  stabilized 
by  adding  more  than  0.24%  incremental  an- 
tioxidant. The  increased  "spread"  in 
the  foamable  compound's  family  of  curves 
over  that  of  the  solid  compound  indicates 
the  greater  contribution  to  stability  by 
metal  deactivator  in  the  former  case. 

The  symmetry  and  absence  of  curvature  of 
the  family  of  curves  in  Figure  5 are  in- 
dicative of  no  stability  improvement  with 
the  addition  of  incremental  metal  deacti- 
vator in  the  solid  grade  material. 
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The  primary  effect  of  Incremental  metal  de- 
activator  in  the  foamable  grade  material 
la  to  Improve  stability  up  to  a concentra- 
tion of  0.18%.  The  decline  of  the  curves 
in  Figure  6 to  the  right  of  this  value 
should  be  interpreted  to  be  actually  asymp- 
totic with  the  maximum  stability  value. 

The  decline  appears  to  be  due  to  the  forced 
use  of  the  second  order  approximation. 

Figure  7 depicts  the  destabilizing  effect 
of  foaming  agent  which  is  partially  offset 
by  the  addition  of  antioxidant  or,  to  a 
lesser  extent,  of  metal  deactivator.  For 
example,  the  addition  of  0.24%  MD  alone 
raises  the  OIT  of  the  foamable  grade  from 
117  to  131  minutes  while  the  addition  of 
the  same  amount  of  antioxidant  raises  the 
stability  from  117  to  146  minutes. 

The  curves  depicted  in  Figures  3 through  7 
can  be  used  to  choose  the  relative  amounts 
of  incremental  stabilizers  needed  to  reach 
a specified  level  of  stability.  To  achieve 
a level  of  stability  for  the  foamable  grade 
corresponding  to  an  OIT  of  150  minutes, 
any  of  the  following  incremental  stabilizer 
concentrations  may  be  utilized  (taken  from 
Figure  6) : 


0.24%  A AO 

+ 

0.018%AMD 

0.22%AAO 

+ 

0.026%AMD 

0.20% AAO 

+ 

0.036%  AMD 

0.16%  A AO 

+ 

0.058%  AMD 

0.12%  AAO 

+ 

0.088%  AMD 

The  interactions  of  the  variables  are 
presented  graphically  in  Figures  8 and  9 
wherein  the  equal  performance  contours 
represent  plots  of  one  variable  versus  the 
second  keeping  the  third  constant.  Figure 
8 depicts  these  equal  performance  curves 
for  the  solid  compound  (FA  = 0%) . Each 
curve  is  labeled  with  its  corresponding 
stability  value  (OIT  in  minutes) . The 
absence  of  a saddle-type  configuration 
indicates  that  limiting  stability  has  not 
been  reached  for  the  combination  of  the 
two  stabilizers.  A similar  set  of  plots 
for  the  foamable  grade  material  again  in- 
dicates the  lack  of  limiting  stability. 
These  plots  may  also  be  used  to  select 
compositions  for  a given  performance.  The 
150  minutes  line  in  Figure  9 defines  all 
incremental  stabilizer  combinations  pro- 
viding this  level  of  stability  and  includes 


those  combinations  deduced  earlier  from 
Figure  6. 

Isometric  response  surfaces  are  depicted  in 
Figures  10  and  11  and  represent  another 
way  to  visualize  the  interaction  of  two 
variables.  The  two  surfaces  presented  in 
each  of  these  figures  represent  the  re- 
sponses of  polypropylene  and  HOPE  under 
the  same  experimental  conditions.  The  lat- 
ter is  reprinted  from  earlier  work1  and  is 
shown  on  the  same  scale  as  polypropylene. 
The  two  resins  will  be  compared  later. 

The  OIT  values  for  a given  foaming  agent 
level  are  plotted  on  the  vertical  axis. 

The  surfaces  depicted  can  be  visualized 
as  the  conversion  to  three-dimensionality 
of  the  sets  of  contour  lines  presented  in 
Figures  8 and  9.  The  response  surface  for 
solid  grade  polypropylene  (Figure  10)  shows 
the  limiting  effect  of  incremental  metal 
deactivator  while  the  addition  of  antioxi- 
dant is  effective  in  increasing  stability 
for  virtually  every  stabilizer  combination 
over  the  0%AAO  - 0%AMD  case.  The  sur- 
face for  the  foamable  grade  polypropylene 
(Figure  11)  shows  much  the  same  behavior 
with  a marked  shift  to  lower  overall  sta- 
bility. One  obvious  difference  in  the 
latter  case  is  the  increased  effectiveness 
of  incremental  metal  deactivator.  In  nei- 
ther response  surface  is  there  any  hint  of 
synergistic  behavior  in  the  combined  effect 
of  the  two  stabilizers. 

Polypropylene  Stability  in  the  Absence 
of  Copper. 

The  catalytic  effect  of  copper  on  the  sta- 
bility as  determined  by  OIT  can  be  asses- 
sed by  comparing  the  previously  described 
results  with  those  generated  in  the  ab- 
sence of  copper.  Actual  and  computed  OIT 
values,  Y„,  for  the  15  compositions  are 
given  in  Table  1 and  Figure  12  and  the 
coefficients  for  the  second  order  equa- 
tion in  Table  2. 

Primary  effects.  The  addition  of  in- 
cremental antioxidant  results  in  stabiliza- 
tion improvement  both  in  the  solid  (Fig- 
ure 13)  and  foamable  (Figure  14)  grade 
compounds.  Figure  15  shows  that  the 
metal  deactivator  in  the  solid  grade  re- 
duces stability  as  its  concentration  in- 
creases. This  anomalous  result  can  be 
viewed  either  as  a real  effect  with  limit- 
ing stability  already  reached  at  0%AMD 
or  as  an  artifact  caused  by  the  forced 
use  of  a second  order  approximation.  In 


the  case  of  the  foamable  grade,  addition 
of  metal  deactivator  has  a positive  effect 
upon  stability  which  appears  to  reach  a 
limiting  level  at  approximately  0.24% AMD 
(Figure  16) . This  is  surprising  since  the 
purpose  of  the  MD  is  to  act  as  a chelating 
agent  to  tie  up  catalytic  cupric  ions.  1 
Aluminum  is  not  expected  to  exhibit  the 
same  degree  of  catalytic  behavior  as  cop- 
per. Another  surprising  result  was  that 
increasing  the  foaming  agent  concentration 
beyond  roughly  0.20%  causes  a dramatic  de- 
crease in  stability  as  shown  in  Figure  17. 
This  decrease  in  stability  can  again  be 
partially  offset  by  the  addition  of  either 
stabilizer. 

Interactions  of  variables.  The  curva- 
ture of  the  equal  performance  contour  lines 
for  the  solid  grade  (Figure  18)  shows  that 
limiting  stability  was  not  reached.  Addi- 
tion of  antioxidant  beyond  the  0.24%  level 
is  expected  to  increase  the  stability 
while  incremental  metal  deactivator  pro- 
mises no  beneficial  effect.  The  equal 
performance  plot  for  the  foamable  grade 
(Figure  19)  indicates  that  limiting  sta- 
bility has  not  been  reached  at  the  0.24% 

A AO  - 0.24% AMD  stabilizer  point.  The 
relative  planarity  of  the  isometric  re- 
sponse surfaces  for  polypropylene  in 
Figures  20  and  21  is  indicative  of  little 
or  no  interaction  between  antioxidant  and 
metal  deactivator. 


The  relative  cost  of  incremental  additives 
Yc,  is  computed  for  the  antioxidant  and 
metal  deactivator  alone  (i.e.,  the  sta- 
bilizers) . Computed  values  of  the  rela- 
tive cost  (scaled  to  a maximum  of  100 
arbitrary  units)  for  the  15  compositions 
are  presented  in  Table  1.  The  additive 
nature  of  the  relative  cost  manifests  it- 
self in  a linear  correlation  with  both 
stabilizers  as  shown  in  Figure  22.  This 
equal  cost  contour  diagram  )s  similar  to 
the  equal  performance  contour  diagrams 
presented  in  Figures  8,  9,  18,  and  19. 


The  combination  of  equal  stability  and 
equal  cost  contour  line  diagrams  may  be 
used  to  determine  the  minimum  cost  compo- 
sition at  a given  stability  level.  In 
the  cases  of  solid  and  foamable  grades  in 
the  absence  of  copper  and  solid  grade  in 
the  presence  of  copper,  it  can  be  shown 


that  the  minimum  cost  compositions  are 
achieved  at  0%AMD  with  the  addition  of  ap- 
propriate amounts  of  antioxidant.  The  case 
of  the  foamable  grade  in  the  presence  of 
copper  is  depicted  in  Figure  23  which  is  an 
overlay  of  Figures  22  and  9.  The  dotted 
line  is  the  locus  of  all  tangential  points 
of  the  two  sets  of  contour  lines,  the  path 
of  the  minimum  cost  compositions,  as  has 
been  described  in  detail  in  the  earlier 
publication.  *- 

Comparison  of  Polypropylene  and  HOPE 


The  relative  stabilities  of  the  commercial 
HDPE  and  polypropylene  resins  studied  in 
both  the  previous*-  and  current  works  are 
presented  in  histogram  form  in  Figure  24. 
The  01 T stability  of  the  solid  grade  poly- 
propylene resin  is  3.6  times  as  great  as 
its  HDPE  counterpart  in  the  absence  of  cop- 
per. This  relative  stability  does  not  re- 
flect any  intrinsic  property  of  these  poly- 
mers but  is  a result  of  the  higher  level  of 
additives  in  the  commercial  polypropylene. 5 
It  is  well  known  that  the  presence  of  a 
high  number  of  tertiary  hydrogens  along  the 
polypropylene  backbone  (which  are  easily 
abstracted  by  free  radicals)  results  in  a 
higher  susceptibility  to  oxidation  as  com- 
pared to  HDPE .22  it  can  be  seen  that  poly- 
propylene is  affected  by  either  copper  con- 
tact or  foaming  agent  alone  while  HDPE  was 
affected  only  by  the  combination  of  these 
two  conditions.  It  should  be  noted  that 
even  in  the  presence  of  copper,  the  sta- 
bilities of  the  solid  and  foamable  grades 
of  polypropylene  are  3 times  and  5.5  times 
greater  respectively  than  those  of  the  cor- 
responding HDPE  grades. 

The  effect  of  incremental  stabilizers  was 
illustrated  by  the  isometric  response  sur- 
faces in  Figures  10,  11,  20,  and  21. 

The  response-response  correlation,  the 
comparison  of  OIT  stabilities  with  and 
without  contact  to  copper  is  depicted  in 
Figure  25.  This  figure  shows  that  even 
after  the  addition  of  0.1%  of  either  MD  or 
AO,  HDPE  is  still  lower  in  stability  than 
polypropylene.  As  indicated  earlier,*-  the 
addition  of  0.1%  AO  improves  stability 
either  in  the  presence  or  in  the  absence 
of  copper  for  the  solid  and  foamable  grades 
of  HDPE.  In  polypropylene,  0.1%  AAO  im- 
proves stability  in  all  cases  and  the  im- 
provement continues  at  a level  of  0.24% 

Aao. 
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The  effect  of  incremental  metal  deactivator 
on  stability  in  the  solid  grades  of  both 
resins  is  negligible.  At  the  0.1%  AMD  level, 
stability  of  the  foamable  HOPE  was  improved 
only  in  the  presence  of  copper  whereas  in 
polypropylene  improvement  was  noted  in  the 
presence  or  absence  of  copper.  This  is 
presumably  due  to  differences  in  the  nature 
of  the  base  resins'  stabilizer  systems. 

The  cost  efficiency  of  incremental  addi- 
tives is  presented  in  Figures  26  and  27 
for  both  resins.  The  relative  cost  values 
for  HOPE  were  recalculated  in  order  to 
conform  to  the  corresponding  polypropy- 
lene scale  by  multiplying  the  original  HOPE 
values*  by  (0.1/0.24)  or  0.417.  The  cost 
effectiveness  of  either  additive  in  im- 
proving OIT  in  contact  with  or  in  the  ab- 
sence of  copper  is  very  low  as  reflected 
in  the  moderate  slopes  of  the  response 
lines  in  Figures  26  and  27  respectively. 
Since  the  points  depicting  the  effect  of 
incremental  stabilizers  in  HDPE  are  signi- 
ficantly lower  than  those  for  the  commer- 
cial polypropylene  resin#  it  can  be  con- 
cluded that  the  stability  gap  between  the 
two  resins  cannot  be  bridged  without  major 
cost  increase. 

Conclusions 

- The  addition  of  antioxidant  to  either 
resin  was  found  to  be  more  efficient 
than  the  addition  of  an  equal  amount  of 
metal  deactivator  in  improving  stability. 

- Incremental  antioxidant  is  more  cost  ef- 
fective than  incremental  metal  deactiva- 
tor. 

- The  addition  of  metal  deactivator  to  the 
foamable  grade  resins  improved  stability 
in  HDPE  only  in  the  presence  of  copper 
while  it  proved  beneficial  in  polypropy- 
lene either  in  the  presence  or  absence 
of  copper. 

- No  evidence  of  synergistic  behavior  was 
observed  between  antioxidant  and  metal 
deactivator  in  either  resin. 

- The  commercial  grade  polypropylene  studi- 
ed was  found  to  have  much  higher  OIT 
stability  than  its  HDPE  counterpart. 

- Either  the  foaming  agent  or  the  presence 
of  copper  alone  lowers  the  stability  of 
polypropylene  while  HDPE  is  affected 
only  by  the  combination  of  these  two 
factors. 
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A number  of  dual  stabilization  systems 
in  black  poly (1-butene)  formulations 
were  examined  by  oxygen  uptake  and 
thermal  analysis  for  residual  oxidative 
stability  after  long  term  oven  aging  at 
100°C.  These  systems  consist  of  either 
a phenol  or  amine  type  hydrogen  donor 
and  a thioester  peroxide  decomposer. 

An  experimental  poly (1- butene)  cable 
sheath  containing  the  high  molecular 
weight  phenol,  bis (4-tert.butyl-3- 
hydroxy-2 , 6-dimethylbenzyl) dithioltere- 
phthalate,  and  the  thioester,  dilauryl- 
thiodipropionate,  was  examined  for 
initial  stability  and  the  extent  to  which 
this  stability  is  retained  after  100®C 
oven  aging.  Changes  in  the  physical 
properties  of  the  sheath  accompanying 
aging  were  also  studied. 


I . INTRODUCTION 

Isotatic  poly (1-butene)  is  a thermo- 
plastic resin  which  possesses  excellent 
mechanical  properties  at  elevated  tem- 
peratures (70-100®C).1  This  makes  the 
resin  especially  suited  for  use  in  appli- 
cations such  as  hot  water  pipes  and 
cables  to  be  placed  in  steam  ducts.  How- 
ever, under  conditions  of  high  tempera- 
ture, unstabilized  poly (1-butene)  oxi- 
dizes readily  (Figure  1) . Therefore, 
for  use  in  high  temperature  applications, 
poly (1-butene)  must  be  stabilized.  In 
order  to  stabilize  the  resin,  a number 
of  dual  stabilization  systems  were  ex- 
amined2 in  black  poly (1-butene)  formu- 
lations. Each  system  consisted  of  a 
phenol  or  amine  type  hydrogen  donor  com- 
bined with  a thioester  peroxide  decompo- 
ser. Stabilizers  were  chosen  on  the 
basis  of  their  performance  in  other  poly- 
olefins.3'4'5 

An  effective  stabilizer  concentration 
was  determined  by  varying  the  ratio  of 
hydrogen  donor  to  peroxide  decomposer. 


The  hydrogen  donor  used  is  known  to  per- 
form well  in  polyethylene.4  Because  of 
the  initial  results  for  the  concentra- 
tion series,  other  stabilizer  formula- 
tions were  examined  at  a level  of  one 
part  hydrogen  donor  to  two  parts  peroxide 
decomposer.  An  identification  of  the 
additives  studied  can  be  found  in  Table  I. 
The  relative  effectiveness  of  these  formu- 
lations was  determined  by  oxygen  absorp- 
tion and  thermal  analytical  techniques  in 
the  temperature  range  of  140  to  220®C. 

In  addition,  the  extent  to  which  this 
stability  is  retained  after  oven  aging  at 
100°C  was  monitored. 

On  the  basis  of  initial  effectiveness  and 
the  results  of  one  year's  aging  at  100°C, 
several  systems  were  selected  to  be  in- 
cluded in  a material  specification.  One 
system  containing  HD-6  and  DEC-1  was  in- 
corporated into  a trial  cable  jacket. 

Initial  results  for  the  laboratory 
samples  have  been  reported  previously.2 
We  have  now  completed  three  years  oven 
aging  of  these  samples  and  wish  to  report 
those  results.  In  addition,  the  initial 
stability,  retention  of  stabilizer,  and 
change  in  mechanical  properties  of  the 
trial  cable  jacket  are  reported. 

II.  LABORATORY  SAMPLES 
A.  Test  Methods 

The  initial  oxidative  stabilities  of  the 
samples  were  determined  by  thermal  analy- 
sis at  both  220  and  210®C.  Samples  were 
placed  in  an  oven  at  100®C.  At  30  day 
intervals,  small  portions  were  removed 
and  subjected  to  thermal  analysis.  Each 
sample  was  analyzed  at  the  higher  tem- 
perature until  the  oxidative  induction 
period  approached  zero  (i.e.,  no  stability 
at  that  temperature) . The  test  tempera- 
ture was  then  decreased  by  10®C  intervals 
until  an  induction  period  of  zero  was 
attained  at  200®C.  At  this  time,  the 
sample  was  wrapped  around  a mandrel,  0.64 
cm  in  diameter,  and  monitored  for  cracks 
by  visual  examination  and  surface  micro- 
scopy at  320X  magnification.  The  HD-1, 
DEC-1  concentration  series  was  studied  as 
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well  as  samples  containing  diverse  hy- 
drogen donors.  The  residual  stabilities 
of  all  the  laboratory  samples  were  deter- 
mined at  161*C  by  oxygen  absorption 
and  at  210*C  by  thermal  analysis. 

B.  Effect  of  Concentration 

The  residual  oxidative  stabilities  of 
poly (1-butene)  formulations  containing 
HD-1  and  DEC-1  at  various  concentrations 
are  found  in  Table  II.  After  three  years 
of  aging,  three  of  the  samples  have 
attained  a zero  oxidative  induction  time 
at  210  and  200®C.  Two  of  these  samples 
containing  either  0.5  or  1.0  percent 
hydrogen  donor  and  1.0  percent  peroxide 
decomposer  still  have  measurable  induc- 
tion times  at  these  temperatures.  Only 
two  of  the  samples  have  cracked.  The 
sample  containing  no  HD-2  or  DEC-1 
embrittled  at  the  surface  after  60  days 
of  aging  at  100°C  and  completely  frac- 
tured after  8 months  at  this  tempera- 
ture and  the  sample  containing  0.3  per- 
cent of  stabilizer  showed  visible 
cracks  after  2.5  years  of  aging  at  100°C. 
Complete  fracture  has  not  occurred  in 
this  sample  to  date.  Both  of  the  sam- 
ples which  cracked  attained  zero  oxida- 
tive-induction periods  at  200°C  after 
relatively  short  periods  of  aging 
(Table  II). 

The  rapid  loss  of  oxidative  stability 
of  the  sample  containing  0.5  percent 
hydrogen  donor  and  2.0  percent  peroxide 
decomposer  might  be  due  to  the  high 
concentration  of  the  thioester.  This 
additive  has  been  found2  to  exude  to 
the  surface.  The  additive  on  the  sur- 
face may  oxidize  and  then  act  as  a pro- 
oxidant or  the  migration  of  the  thio- 
ester could  act  as  a carrier  for  the 
phenol  HD-2  causing  physical  depletion 
of  the  additive.  None  of  these  formu- 
lations containing  HD-2  and  DEC-1  appear 
to  impart  good  long  term  stability  to 
the  resin  compared  with  most  of  the  other 
hydrogen  donors  examined. 

C.  Effectiveness  of  Other  Hydrogen  Donors 

The  residual  oxidative  stabilities  of 
various  phenols  in  poly (1-butene)  formu- 
lations are  shown  in  Table  III.  Since 
most  of  these  formulations  have  residual 
oxidative  stability  at  200*C,  induction 
times  are  reported  at  210  and  161SC. 

Two  of  these  formulations  containing 
either  HD-6  or  HD-3  were  included  in  a 
material  specification  based  upon  initial 
stability  and  residual  stability  after 
one  year  of  aging  at  100*C.2 

The  initial  stability  measurements  in 
that  study  indicated  that  the  most 
effective  stabilization  systems  at  the 
lower  tent  temperatures  (161  and  140*0 
were  those  containing  either  HD-6,  HD-7 


or  HD-8.  The  initial  high  (220  and  210*0 
and  low  (161  and  140*C)  temperature  data 
for  all  the  formulations  were  in  good 
agreement  with  the  exception  of  the  two 
containing  either  HD-1  or  HD- 4.  The 
amine  HD-1  was  very  effective  at  the 
higher  temperatures  while  the  hydrazine 
HD-4  performed  quite  well  at  the  lower 
temperatures.  This  can  be  seen  in  Table 
III  where  the  initial  stabilities  are 
reported  at  210  and  161*C.  Upon  oven 
aging  for  one  year,  however,  poly(l- 
butene)  containing  HD-7  rapidly  lost 
oxidative  stability  compared  with  the 
other  formulations.  Conversely,  the 
resin  containing  either  HD-1,  HD-3  or 
HD-6  showed  very  good  retention. 

In  general,  the  three-year  data  correlate 
well  with  the  one-year  test  results. 

After  three  years  of  aging,  stabiliza- 
tion systems  containing  HD-1,  HD-3  or 
HD- 6 continue  to  impart  some  oxidative 
stability  to  the  resin.  However,  several 
formulations  which  did  not  appear  to  be 
retained  well  after  one  year  of  aging 
now  appear  promising.  For  example,  the 
hydrazine,  HD-4,  which  did  not  seem 
particularly  effective  after  a year,  now 
appears  to  give  good  results.  Addi- 
tionally the  sample  containing  the 
thiobisphenol  HD -8,  has  retained  a sub- 
stantial degree  of  stability  compared 
with  initial  values  at  161®C.  These 
two  hydrogen  donors,  HD-4  and  HD-8,  have 
been  found2  to  perform  very  well  in 
formulations  of  a similar  polyolefin, 
polypropylene.  Interestingly,  the  HD-0 
sample  retained  oxidative  stability  to 
a much  greater  extent  than  the  sample 
containing  HD-7,  the  monomeric  form  of 
this  additive. 

III.  EXPERIMENTAL  CABLE 
A.  Oxidative  Stability 

An  experimental  cable  with  a poly(l- 
butene)  jacket  containing  0.5%  HD-6  and 
1.0%  DEC-1  was  successfully  extruded  at 
Western  Electric  in  Atlanta,  Georgia. 

The  initial  oxidative  stability  of  the 
cable  jacket  and  the  extent  to  which 
this  stability  is  retained  on  aging  were 
examined  by  thermal  analysis.  The  values 
are  shown  in  Table  IV  where  they  are 
compared  with  the  original  laboratory 
samples  containing  this  formulation. 

The  initial  oxidative  induction  periods 
for  the  laboratory  samples  are  about  two- 
to-one  greater  than  those  of  the  cable 
sheath.  This  may  be  due  to  loss  of  the 
additives  under  the  extreme  thermal 
conditions  of  extrusion.  After  oven 
aging  at  100®C,  the  oxidative  induction 
periods  at  220  and  210*C  are  essentially 
zero.  The  loss  of  stability  accompany- 
ing aging  is  due  in  part  to  additive 
migration.  Infrared  reflection 
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spectroscopy  and  surface  microscopy 
were  used  to  study  this  migration. 

B.  Surface  Studies 

Micrographs  of  the  cable  sheath  surface 
were  taken  at  3 2 OX  magnification.  These 
micrographs  indicated  that  a residue 
similar  to  that  shown  in  Figure  2 was 
present  on  the  surface.  To  further 
investigate  the  migratory  behavior  of  the 
additives  in  the  cable  sheath,  sections 
of  the  jacket  were  aged  at  both  100°C 
and  ambient  temperature  and  their  sur- 
faces were  examined  by  internal  reflec- 
tion spectroscopy.  The  additives  were 
identified  using  characteristic  bands 
in  the  C=0  region  from  1800  to  1600  cm-1 
The  phenol  HD-6  has  a doublet  phthalate 
band  at  1645  and  1635  cm“l  (Figure  3) 
while  DEC-1  has  an  ester  carbonyl  at 
1735  cm~l  (Figure  4).  Internal  reflec- 
tion spectra  of  the  sheath  taken  after 
30  days  of  aging  at  100®C  indicate  that 
the  surface  layer  contains  larger 
amounts  of  the  hydrogen  donor  HD-6, 
while  the  amount  of  thioester  appears 
to  be  moderate  (Figure  5) . Conversely, 
the  thioester  DEC-1  is  very  noticeable 
after  aging  at  ambient  temperature 
while  little  hydrogen  donor  can  be  ob- 
served. This  result  could  be  attributed 
to  the  higher  volatility  and  lower 
molecular  weight  of  the  thioester  com- 
pared with  the  hydrogen  donor.  Thermo- 
gravimetric  analysis  shown  in  Figure  6 
demonstrates  this  phenomena  where  at 
350°C,  60%  of  the  thioester  is  lost 
compared  with  only  20%  of  the  hydrogen 
donor.  Durmis,  et  al.,6  found  that 
surface  films  of  additives  will  be 
formed  if  the  volatilization  process 
occurs  more  slowly  than  the  diffusion 
process . 

Reflection  spectra  of  the  cable  sheath 
taken  after  two  years  of  aging  are  shown 
in  Figure  7.  Both  the  thioester  DEC-1 
and  the  phenol  HD-6  are  present  after 
aging  at  ambient  temperature  as  indica- 
ted by  the  C=0  bands  at  1735  cm~l  and  1645, 
1635  cm“l  respectively.  Unfortunately, 
it  is  difficult  to  determine  if  hydrogen 
donor  or  thioester  are  present  on  the 
surface  of  the  sheath  aged  at  100°C 
due  to  the  broadening  of  the  C=0  1700- 
1600  cm-1  region.  In  addition,  the 
baseline  in  tha  C-0  1200-1300  cm“l  region 
has  dropped.  It  has  been  shown ? that 
these  changes  are  indicative  of  surface 
oxidation. 

In  order  to  determine  the  effect  of  the 
surface  oxidation  observed  spectro- 
scopically upon  the  physical  properties 
of  the  sheath,  the  tensile  properties 
were  studied. 


C.  Mechanical  Properties 

The  tensile  properties  of  the  poly(l- 
butene)  cable  sheath  aged  at  100°C  for 
two  years  were  determined  according  to 
ASTM  D1708 . These  values  were  compared 
with  measurements  made  on  the  sheath 
aged  at  ambient  temperatures , which 
showed  no  signs  of  surface  oxidation 
spectroscopically  (Figure  7) . The  re- 
sults are  shown  in  Table  V.  After  two 
years  of  aging  at  100°C,  the  value  of 
the  tensile  strength  at  break  of  the 
sheath  has  decreased  by  about  11  percent 
In  addition,  the  elongation  value  has 
dropped  by  about  18  percent  compared 
with  values  obtained  for  the  sample  aged 
at  room  temperature . Changes  in  elonga- 
tion values  can  be  indicative  of  surface 
oxidation.  However,  these  changes  are 
slight.  Analogously,  Gesner^  et  al., 
have  shown  that  poly (1-butene)  can  with- 
stand substantial  amounts  of  surface 
oxidation  with  little  change  in  physi- 
cal properties. 

IV.  CONCLUSIONS 

The  oxidative  stability  of  the  experi- 
mental cable  sheath  significantly  de- 
creases after  two  years  of  oven  aging 
at  100°C.  This  loss  is,  in  part,  due  to 
the  migration  of  additives  from  the  bulk 
of  the  resin  to  the  surface.  Infrared 
reflection  spectra  indicate  the  pre- 
sence of  some  surface  oxidation  after 
two  years  at  100“C.  However,  this  oxi- 
dation is  found  to  cause  only  minor 
changes  in  the  physical  properties  of 
the  sheath. 

A substantial  decrease  in  most  of  the 
residual  oxidative  stabilities  of  black 
poly (1-butene)  laboratory  formulations 
also  are  observed  after  three  years  of 
oven  aging  at  100°C.  However,  the 
formulation  containing  the  phenol  HD-6 
and  DEC-1  continues  to  impart  oxidative 
stability  to  the  resin.  In  addition, 
stabilization  systems  containing  either 
the  phenols  HD-4  or  HD-8  and  the  thio- 
ester DEC-1  appear  to  impart  good  long- 
term oxidative  stability  to  the  resin. 
These  systems  did  not  appear  particular- 
ly effective  in  the  early  stages  of 
aging  but  now  appear  promising  as  alter- 
native stabilization  systems  for  the 
resin.  The  use  of  a polymeric  addi- 
tive such  as  the  thiobisphenol,  HD-8  may 
be  the  key  to  good  long-term  stability 
of  resins  used  for  high  temperature 
applications. 

V.  EXPERIMENTAL 
A.  Materials 

The  poly (1-butene)  was  a homopolymer 
(M.I.  0.4)  supplied  by  the  Witco  Chemi- 
cal Corporation.  Initial  oxidative 
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stability  (Figure  1)  was  determined 
on  an  additive-free  resin.  All  other 
studies  were  on  resin  containing  0.1 
weight  percent  di-tert. -butyl-£-cresol 
(BHT) . A Witco  masterbatch  of  poly 
(1-butene)  containing  25  percent 
furnace  black  (80  mp  particle  size, 
pH  8.5)  was  used  to  fabricate  black 
formulations.  Additives  (Table  1)  were 
commercial  samples  used  as  received. 

B.  Sample  Preparation 

Stabilizers  were  incorporated  into 
poly (1-butene)  by  mixing  on  a Brabender 
plasticorder.  The  samples  (35g) 
were  compounded  under  nitrogen  at  165°C 
and  50  rpm.  The  resin  was  masticated 
for  one  minute,  removed  from  the  Bra- 
bender for  addition  of  stabilizers, 
and  then  mixed  for  an  additional  three 
minutes.  Black  samples  were  fabri- 
cated from  31. 5g  of  clear  polyd- 
butene)  and  3.5g  of  black  masterbatch. 
Fifty  mil  films  of  the  compounded  re- 
sins were  prepared  by  molding  the 
samples  for  one  minute  at  165°C  and 
then  cooling  under  pressure. 

C.  Oxidation 

The  unstabilized  resin  (10  mil  films) 
were  oxidized  at  100°C  using  the 
standard  oxygen  absorption  method  of 
Hawkins  and  coworkers. 5 The  com- 
pounded resin  (50  mil  films)  were  oxi- 
dized at  161°C  using  the  Hawkins 
method. 9 Samples  weighed  0.1  + .01g. 
Multiple  (3-4)  runs  were  made  for  each 
formulation.  Data  are  reported  as 
average  extrapolated  induction  times. 

D.  Aging 

Strips  (1"  x 6"  x .05")  of  the  stabil- 
ized poly (1-butene)  laboratory  samples 
were  aged  by  suspending  in  a 100°C 
forced  air  oven.  Samples  were  removed 
periodically  and  subjected  to  thermal 
analysis  (see  below) . Sections  of  the 
cable  sheath  were  aged  100°C  and 
ambient  temperature  in  open  beakers. 
Tensile  bars  were  punched  from  the 
sheath  and  measurements  made  as  des- 
cribed below. 

E.  Tensile  Tests 

Tensile  properties  were  measured  using 
T-50  tensile  specimens. 10  A minimum 
of  five  measurements  were  made  for 
each  sample.  Crosshead  speeds  of 
20" /min.  were  used. 

F.  Thermal  Analysis 

Oxidative  stabilities  were  determined 
at  210®C  on  a duPont  990  thermal  analy- 
zer equipped  with  a DSC  cell.  Samples 
were  analyzed  on  aluminum  pans  in  an 
oxygen  environment  (flow  rate  - 200 
ml/min)  using  a standard  procedure. H 


The  volatilization  behavior  of  HD-6 
and  DEC-1  were  examined  on  a duPont  951 
thermogravimetric  analyzer.  The  samples 
were  heated  from  ambient  temperature  to 
1000°C  at  100°C/min  in  a nitrogen  at- 
mosphere . 

G.  Microscopy 

Specimen  surfaces  were  examined  on  a 
Reichert  microscope  at  125  and  320X 
magnification . 

H.  Infrared  Analysis 

Internal  reflection  spectra  were  ob- 
tained on  a Perkin  Elmer  621  spectro- 
photometer equipped  with  a Wilks  Model 
50  internal  reflection  device.  Samples 
were  analyzed  on  IRS-5  reflection  ele- 
ments (20  x 20  x 2mm)  using  a 45°  angle 
of  incidence  and  standard  instrument 
conditions.  Transmission  spectra  of 
polymer  additives  were  obtained  with 
nujol  mulls  on  NaCl  crystals. 
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Figure  5.  Reflection  spectra  of  poly 
(1-butene)  aged  at  (A)  room 
temperature  and  (B)  100°C 
for  30  days. 


TABLE  I 


ADDITIVES  FOR  POLY ( 1-BUTENE) 

Additive 

Chemical  Structure 

Hydrogen  Donors 

HD-1 

Di-B-naphthyl-jx^phenylenediamine 

HD- 2 

Tetrakis [methylene-3 (3' , 5 '-di-tert- 
butyl-4 ' -hydroxypheny 1 ) propionate ] methane 

HD- 3 

1,3, 5-Trimethyl- 2 , 4 , 6-tr is [ 3 , 5-di-tert- 
butyl-4-hydroxybenzyl] benzene 

HD- 4 

N ,N “*Bis  ( 3 , 5-di-tert-butyl-4-hydroxy- 
hydrocinnamoyl) hydrazine 

HD- 5 

Thiodiethylene  bis- (3, 5-di-tert-butyl-4- 
hydroxy ) hydrocinnamate 

HD- 6 

Bis ( 4-tert-butyl~3-hydroxy-2 , 6-dimethyl- 
benzyl)  dithiolterephthalate 

HD- 7 

4 , 4 '-Thiobis (3-methyl-6-tert-butylphenol) 

HD- 8 

Polymeric  thiobisphenol 

Peroxide  Decomposer 

DEC-1 

Dilaurylthiodipropionate 

TABLE  II 

EFFECT  OF  CONCENTRATION  ON  THE  RETENTION  OF 
OXIDATIVE  STABILITY  OF  POLY ( 1 -BUTENE) 

Average*  Induction  Period  - Hours 

Concentration 

of 


Stabilizers 

Weight  Percent 

Initial 

Stability 

Stability  After  3 
Years  at  100°C 

Days 

at 

to  : 
200#< 

HD-2 

DEC-1 

210*C 

161°C 

210°C 

161°C 

0 

0 

0 

- 

- 

0 

/ 

0 

0.1 

0.2 

0.2 

- 

0 

0 

120 

0.5 

1.0 

2.7 

171  + 28 

0 

3 + 3 

> 

1092 

1.0 

1.0 

3.3 

167  + 21 

0.3 

29  + 14 

> 

1092 

0.5 

2.0 

2.9 

204  + 11 

0 

5 + 3 

300 

* Average  of  3-5  samples  analysed 
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TABLE  III 


RESIDUAL  OXIDATIVE  STABILITY  OF  HYDROGEN  DONORS  AT 
0.5  WEIGHT  PERCENT  CONCENTRATION 

Average*  Induction  Period  - Hours 


Stabilizer 

Hydrogen  Peroxide** 

Initial  Stability 

Stability  After 

3 Years  at  100°C 

Donor 

Decomposer 

210°C 

161* 

[C 

lblTC 

HD-1 

DEC-1 

2.8 

124 

+ 

12 

.13 

0 

HD- 2 

DEC-1 

2.7 

171 

+ 

23 

0 

3 

+ 3 

HD- 3 

DEC-1 

2.2 

171 

+ 

32 

.20 

5 

+ 5 

HD- 4 

DEC-1 

1.0 

196 

+ 

2 

.10 

31 

+ U 

HD- 5 

DEC-1 

2.5 

198 

+ 

34 

.03 

0 

HD- 6 

DEC-1 

3.9 

219 

+ 

28 

.48 

56 

+ 16 

HD- 7 

DEC-1 

2.2 

248 

+ 

43 

.05 

18 

+ 9 

HD- 8 

DEC-1 

2.3 

321 

+ 

78 

.10 

85 

+ 20 

Average  of  3-5  samples  analyzed 

** 

At  1.0  weight  percent  concentration 

TABLE  IV 

OXIDATIVE  STABILITY  OF  EXPERIMENTAL  CABLE  SHEATH 
Average*  Induction  Period  - Hours 

Stability  After  2 
Initial  Stability  Years  at  100*0 

220aC  210°C  220°C  210°C 

Laboratory 

Sample**  3.9  - .28  .97 


Experimental 

Cable**  1.9  - 0 .07 


Average  of  5 samples  analyzed 

Contains  0.5  percent  HD-6  and  1.0  percent  DEC-1 
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TABLE  V 


TENSILE  PROPERTIES  OF  EXPERIMENTAL  CABLE  SHEATH 


Tensile  Strength 
(psi) » 

YielS  Break 


Room  temperature 

aged  sheath** 

2800 

4300 

100°C  aged 

sheath** 

2800 

3800 

Average  of  3-5  samples 


** 


Aged  for  2 years 
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THE  EFFECT  OF  FILLING  COMPOUND  MIGRATION  ON  CELLULAR  INSULATION 
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Phelps  Dodge  Communications  Company 
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Summary 


The  migration  of  petrolatum  based  fill- 
ing compounds  into  cellular  polyolefin 
insulations  was  studied  on  a laboratory 
scale.  Weight  gain  was  monitored  as  a 
function  of  time  and  temperature  using 
commercially  available  single  insulated 
conductors  and  filling  compounds. 

Linear  correlations  were  established 
for  the  results  on  a logarithmic  scale. 
Migration  rates  and  filler  absorption 
levels  were  determined  for  several  sys- 
tems and  the  saturation  levels  estima- 
ted for  solid  insulations.  The  extent 
of  migration  at  ambient  temperature  was 
estimated  using  Arrhenius  plots,  and 
the  results  compared  to  those  in  commer- 
cial cables  using  solvent  extraction. 

Gel  permeation  chromatography  was 
applied  to  characterize  the  filling 
compounds  used  in  the  experiments  and 
those  retrieved  from  commercial  cables. 

A simple  model  involving  both  permeation 
and  cell  filling  has  been  suggested  for 
the  migration  process.  The  experimen- 
tal results  are  in  satisfactory  agreement 
with  the  model  both  with  respect  to  the 
rate  of  absorption  and  their  tempera- 
ture dependence.  The  overall  conclusion 
is  that  permeation  and  cell  filling 
take  place  in  all  types  of  cellular 
insulations.  Further,  cell  filling  in 
Olain  and  skin  foam  can  reach  stages  where 
it  may  affect  cable  performance  depending 
on  the  degree  of  blowing  as  well  as  the 
nature  of  the  filling  compound. 


Introduction 


The  purpose  of  this  paper  is  to  present 
the  results  of  a study  of  cell  filling 
of  foam  and  akin/foam  insulations  for 
waterproof  telephone  cables.  Whereas 
cellular  insulation  provides  advantages 


such  as  economy  in  raw  materials1  and 
smaller  cable  diameter  for  a given  num- 
ber of  pairs,  lingering  questions2 
remain  regarding  the  migration  of  filling 
compound  into  the  cells  of  foam  and 
skin/foam  insulations.  The  major  ques- 
tion is  the  impact  on  cable  performance3 
of  void  spaces  among  the  wires  of  the 
core  created  when  the  filling  compound 
migrates  into  the  cells.  The  reduction 
in  cable  fill  is  believed  significant 
when  a substantial  proportion  of  the 
cells  becomes  filled  with  the  filling 
compound. 


Numerous  studies  around  the  world  on  the 
interaction  of  filling  compound  and 
insulation,  both  cellular  and  solid, 
have  led  to  conflicting  conclusions. 

For  example,  work  by  Foord4  presents 
data  on  cell  filling  approaching  satura- 
tion levels  within  100  days,  whereas 
Verne  et  al3  find  evidence  of  cell  fill- 
ing no  higher  than  two  percent. 


The  conclusions  regarding  cell  filling 
are  further  complicated  because  the  rate 
as  well  as  the  level  of  absorption  de- 
pends on  the  cell  size,  density,  molecu- 
lar weight  and  molecular  weight  distribu- 
tion of  the  insulating  materials,  the 
nature  of  the  filling  compound,  including 
additives,  and  its  molecular  weight. 
Techniques  for  monitoring  the  rate  of 
migration  of  cable  filling  compound  into 
the  cells  of  the  insulation  have  not  been 
standardized  and  are  believed  responsible 
for  some  of  the  conflicting  conclusions. 


We  believe  that  understanding  of  the  cell 
filling  process  is  important  and  relevant 
to  success  in  the  introduction  of  foam 
and  skin/foam  insulations  in  waterproof 
telephone  cables.  Therefore  more  than 
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one  year  ago,  we  initiated  a systematic 
program  to  evaluate  the  rate  of  migration 
of  filling  compounds  into  cellular  in- 
sulation both  plain  and  skin/foam,  employ- 
ing weight  gain  as  the  fundamental 
measurement.  Further,  we  have  developed 
an  extraction  procedure  for  estimating 
the  level  of  cell  filling  in  field  samples 
of  various  ages. 

Scope 

The  results  of  migration  studies  for 
solid  high  density  polyethylene,  poly- 
propylene, high  density  polyethylene 
plain  foam  and  skin/foam  over  a tempera- 
ture range  from  30°C  to  70°C  are  presented 
herein  with  extrapolation  to  20°c.  The 
20°C  values  are  compared  with  the  levels 
of  migration  found  in  cable  samples  made 
by  several  different  manufacturers,  after 
storage  in  a warehouse  for  various  periods. 
Commercially  available  and  industry 
approved  wire  insulating  materials  and 
cable  filling  compounds  were  employed 
throughout  the  test  program.  The  in- 
sulating materials  and  the  cable  filling 
compounds  in  the  warehouse  cables  by 
different  manufacturers  were  also  identi- 
fied. Gel  permeation  chromatography  (GPC) 
provided  aid  in  the  characterization  of 
the  filling  compounds. 

Experimental 

Materials 


All  wires  were  22  gauge.  The  skin/foam 
samples  include  a 2 mil  thick  outer  solid 
PE  layer. 

The  extraction  experiments  were  carried 
out  with  singles  removed  from  cables  ob- 
tained from  different  manufacturers  and 
stored  in  a warehouse  for  8 to  36  months. 
Control  wires  of  the  same  design  but  not 
exposed  to  the  filling  compound  were  also 
put  through  the  extraction  process  for 
comparison  with  wires  from  the  cables. 
Some  of  the  single  samples  after  expo- 
sure to  filling  compound  in  our  labora- 
tory and  for  which  initial  and  swollen 
weights  were  accurately  known  served 
to  determine  the  efficiency  of  the  ex- 
traction process,  as  well  as  to  develop 
the  details  of  the  extraction  technique. 

Filling  compounds  A,  B,  and  C were  ob- 
tained from  domestic  suppliers,  compound 
D from  a foreign  source.  Compounds  E to 
I were  retrieved  from  cables  made  by 
manufacturers  A to  F and  stored  in  ware- 
houses for  8 to  36  months.  N hexane, 
n heptane  and  petroleum  ether  were  used 
as  solvents  in  the  extraction  studies, 
hexane  being  the  preferred  one.  Acetone, 
methyl  ethyl  ketone .benzene , n hexane 
and  petroleum  ether  (boiling  range  30  - 
60°C)  were  used  to  clean  the  surface  of 
the  insulated  wires.  All  solvents  were 
of  high  purity  commercial  grades  and 
were  used  without  further  treatment. 

Procedures 


Single  wires  having  the  following  con- 
structions were  used  for  the  migration 
experiments: 

Insula- 


Migration  rates  were  determined  by  measur 
ing  the  weight  gain  after  different 
exposure  times  in  filling  compound  at 
various  temperatures.  Preliminary  experi 


tion 

Base 

Wire 

% 

DOD 

ments  showed  that  a given  sample  could 

Types 

Resin 

Sources 

Air 

Mils 

not  be  used  repeatedly  because  exposure 
to  filling  compound  softened  the  insula- 

Plain 

foam 

HOPE 

A 

30 

47 

tion.  The  cleaning  procedure  was  care- 
fully standardized.  The  initial  weight 
was  determined  after  a one  second  dip  in 

Skin/ 

foam 

HD  PE 

A 

47 

47 

the  filling  compound  maintained  at  70°C. 
The  purpose  of  this  initial  quick  dip  was 
to  establish  a "zero  time"  reference 

Skin/ 

foam 

HOPE 

B 

50 

43.5 

weight,  based  on  the  same  cleaning  steps 
to  which  the  insulation  is  subjected 
after  the  immersion  cycle.  Part  of  the 

PE 

Solid 

HOPE 

A 

51 

problem  is  that  wiping  with  dry  soft 
paper  tissue  (Kimwipes),  and  then  with 
tissue  saturated  in  a solvent,  may  ex- 

PP 

Solid 

PP 

A 

“ “ 

50 

tract  some  of  the  lower  molecular  weight 
components  and  remove  some  surface 
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"bloom"  of  the  Insulation.  Cleaning 
only  with  dry  paper  tissue  was  found  to 
give  erratic  results,  when  comparing  the 
initial  weight  of  a given  wire  sample  to 
that  after  the  one-second  dip.  Use  of 
paper  tissue  saturated  in  a solvent  re- 
duced the  spread  to  an  acceptable  value. 
Different  solvents  were  tried  during  the 
exploratory  stagey  including  acetone, 
methyl  ethyl  ketone,  hexane  and  petroleum 
ether.  The  spread  in  the  initial  and 
dipped  weights  was  lowest  for  petroleum 
ether,  which  was  then  chosen  for  the  mi- 
gration studies. 

The  migration  experiments  were  based  on 
three  16"  length  wires  each  bent  into  U- 
shape  and  inserted  into  a 25x200  mm  test 
tube  containing  the  desired  filling  com- 
pound. The  two  ends  of  each  wire  were 
kept  half  an  inch  over  the  highest  level 
of  the  filling  compound.  Forty-five  of 
these  test  tubes  were  mounted  in  a plexi- 
glass frame,  in  one  temperature  controlled 
waterbath.  This  made  it  possible  to  main- 
tain the  insulations  in  one  bath  which 
provided  good  comparability  of  heat 
histories.  One  test  tube  was  taken  out 
at  each  time  interval,  the  three  wires 
carefully  cleaned  with  paper  tissues 
soaked  with  petroleum  ether,  dried  out  for 
10  minutes  at  room  temperatures  and 
weighed. 

The  filling  compounds  were  extracted  from 
the  filled  polyethylene  wires  using  the 
Soxhlet  technique.  Three  27"  long  pieces 
of  the  filled  or  unfilled  wires  were 
coiled  and  placed  in  the  upper  part  of 
the  Soxhlet  extractor  without  a thimble. 
They  were  taken  out  at  regular  intervals, 
dried  in  a vacuum  oven  at  70°C  to  con- 
stant weight  (4  to  5 hours)  and  weighed. 
They  were  then  put  back  in  the  extractor 
for  another  24  hours  and  the  process  of 
drying  and  weighing  was  repeated  until 
the  weight  of  the  wires  became  constant. 

Equipment 

Standard  laboratory  equipment  was  used  in 
both  migration  and  extraction  experiments. 
They  included  test  tubes,  controlled 
temperature  baths,  drying  ovens,  Soxhlet 
extractors  and  an  analytical  balance  of 
0.1  mg  sensitivity.  Gel  permeation 
chromatography  was  performed  on  a Waters 
instrument  equipped  with  a refractometer 
detector. 


Data  Processing 

The  weight  gain  values  for  the  triplicate 
specimens  at  each  period  were  expressed 
as  % of  the  original  weight  of  the  insu- 
lation. They  were  averaged  and  these 
averaged  values  are  plotted  in  Figures 
1 to  7 for  each  temperature.  Figure  1 
is  the  linear  scale  presentation  of 
weight  gain  as  a function  of  time  and 
temperature  for  the  HDPE  foam  insulation- 
filling compound  A combination.  The  same 
data  are  plotted  on  logarithmic  scales 
in  Figure  3.  The  lineup  of  the  data 
points  implies  linear  correlation  and 
regression  analysis  was  performed  to 
assess  the  "fit"  or  validity  of  the 
linearity.  The  slope  and  intercept 
values  of  best  fitting  linear  regression 
lines  (based  on  the  least  squares  princi- 
ple) and  the  correlation  coefficients 
(r)  are  listed  in  Table  1.  The  high 
values  of  r support  the  validity  of  this 
approach.  In  the  regression  analysis 
the  individual  values  were  used  for  the 
replicates,  and  not  the  average  values, 
to  assure  fair  representation  of  the 
spread  of  the  data  points.  The  regres- 
sion lines  or  isotherms  for  30  to  70°C 
are  shown  as  solid  lines  within  the  ac- 
tual range  of  experiments,  and  are  ex- 
tended as  broken  lines  to  represent 
extrapolation.  The  dotted  line  for  20°C 
is  based  on  values  calculated  from 
Arrhenius  plots  and  is  discussed  later. 
Figures  2 to  7 present  time  weight  gain 
correlations  for  various  insulation- 
filling compound  combinations. 

The  results  of  the  regression  analyses 
and  the  computed  percent  weight  gain 
values  at  10,  100  and  300  days  exposure 
time  are  summarized  in  Table  1.  These 
computed  values  are  used  in  the  Arrhenius 
plots  in  Figures  8 to  13.  Regression 
analysis  determined  the  best  fitting 
linear  correlation  between  reciprocal 
temperature  (expressed  as  °K)  and  In 
percent  weight  gain.  These  linear 
correlation  lines  were  then  extended  to 
0.00341  on  the  X axis  representing  20°C. 
The  corresponding  Y values,  i.e.,  the 
extrapolated  % weight  gain  data  at  20°C 
were  then  used  to  construct  the  20°C 
isotherms  represented  by  dotted  lines  in 
Figures  2 to  7.  The  characteristics 
of  linear  regression  analysis  on  the 
Arrhenius  correlations,  the  re-computed 
values  for  % weight  gain  at  10,  100  and 
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300  days  exposure,  and  the  extrapolated 
values  for  20°C  are  summarized  in  Table 
2.  The  extrapolated  20°C  correlation 
lines  are  also  presented  in  Figure  14,  and 
are  extended  to  1825  and  to  3650  days 
to  estimate  the  % weight  gain  values  at 
5 and  10  year'-  respectively. 


Results  and  Discussion 


Migrat 


A brief  discussion  of  the  mechanism  of 
absorption  and  the  physical  parameters 
involved  should  help  the  appreciation 
of  the  present  results.  It  is  well 
known  that  the  rate  and  the  level  of 
absorption  of  a liquid  by  a polymer  ma- 
trix is  governed  by  the  twin  processes 
of  solubilization  and  diffusion.  If  a 
plastic  pipe  is  surrounded  by  a liquid, 
the  outer  surface  is  immediately  satura- 
ted and  the  concentration  level  is  equal 
to  the  solubility  of  the  liquid  in  the 
polymer.  The  inner  surface  has  zero 
liquid  concentration.  The  resulting  con- 
centration gradient  initiates  the  diffu- 
sion of  liquid  into  the  polymer.  Simple 
derivations  6 based  on  Fick's  equation 
for  diffusivity  gives  the  flux  (F) 

271  PS  (1) 

ln(b/a) 

where  D is  the  diffusivity  constant, 

S is  the  solubility  at  the  particu- 
lar temperature,  and 
a and  b are  inner  and  outer  radii. 
The  process  of  solubilization  of  a liquid 
in  the 'polymer  matrix  occurs  spontaneously 
due  to  a negative  change  in  free  energy 
of  mixing  (-AGm).  The  magnitude  of  the 
latter  is  controlled  mostly  by  the 
difference  in  solubility  parameter^ 

( £_  and  Sj)  of  the  polymer7  and  solvent. 
If  the  difference  is  small,  -AG1,,,  is 
large  whereas  if  the  difference  is  large, 
the  solubility  is  limited.  The  preferred 
insulating  materials  for  telephone  cables 
are  high  density  polyethylene  and  poly- 
propylene having  solubility  parameters 
of  7.9  to  8.2  (cal/cm1)*5.  The  petrola- 
tum based  filling  compounds  consist  of 
paraffinic  and  napthenic  hydrocarbons. 

The  solubility  parameters9  of  simple 
hydrocarbons  Cg  to  Ci4  range  from  7.6 
to  7.9,  those  of  higher  hydrocarbons 
approach  a limiting  value  of  8.  Hence, 
the  mixing  of  amorphous  polyolefins  with 


petrolatum  presents  a case  of  regular 
solution10,  where  -AGLm  is  high; 
and  AVj,  the  heat  and  volume  change  on 
mixing  respectively,  are  negligibly  small. 
However,  the  polyolefins  used  for  insula- 
tions are  crystalline.  The  highly  or- 
ganized structures  of  crystallites  are 
impervious  to  liquid  below  the  melting 
point  and  hence  the  solubility  is  reduced11. 
The  crystallites  also  reduce  the  diffusi- 
vity as  they  make  the  path  of  migration 
tortuous.12  Given  sufficient  time,  the 
twin  processes  of  diffusion  and  solubili- 
zation lead  to  an  equilibrium  state  where 
the  polymer  matrix  is  completely  saturated. 
The  equilibrium  absorption  in  this  case 
would  be  low  because  of  high  crystallinity 
and  should  be  fairly  independent  of  temp- 
erature because  Ah^  is  small  and  should 
not  be  accompanied  by  a change  in  density 
as  AVm  is  almost  zero. 

In  case  of  cellular  insulation  this  pro- 
cess will  be  superimposed  by  a process  of 
cell  filling.  As  the  polymer  matrix  becomes 
saturated,  the  cell  walls  will  be  complete- 
ly wetted  by  the  permeant  liquid,  and  a 
hydrostatic  pressure  will  develop  due  to 
the  difference  in  liquid  head  in  the  solid 
matrix  and  in  the  cellular  space.  This 
will  induce  oozing  of  the  liquid  into  the 
empty  cells.  Verne ^ et  al  have  suggested 
that  this  process  is  similar  to  capillary 
filling  and  the  time  required  to  fill  the 
cell  so  that  its  initial  radius  rQ  is 
reduced  to  r^  is  given  by  the  equations: 

t=2(jr  + 2i|)  (ro-ri)  if  + ts  (2) 

1/A  in  the  above  equation  is  a resistance 
term  depending  on  the  permeability  co- 
efficient and  geometry  of  the  insulation, 
r\_  is  the  viscosity  of  the  permeant, 

T is  the  surface  tension  of  the  permeant 
with  respect  to  the  matrix  and 
tg  is  the  time  required  for  the  permeant 
to  wet  the  inner  surface  of  the  cells. 

Since  the  migrating  hydrocarbons  readily 
wet  the  PE  surface,  ts  may  be  assumed 
to  be  zero.  Further,  the  rate  of  cell 
filling  should  be  inversely  proportional 
to  the  time  of  cell  filling  in  equation 
(2),  The  rate  of  migration  R which  de- 
pends both  on  permeation  and  cell  filling 
may  therefore  be  given  by  the  equation: 

2g.PS  KAT 

In (b/a)  2(1+A^)  (r0-ri)  (3) 

where  K is  a proportionality  constant. 
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On  the  basis  of  experiments,  Hagger5  et  al 
conclude  that  the  process  is  viscosity 
controlled  and  for  high  viscosity  of  the 
permeant  solution,  only  a small  amount  of 
cell  filling  is  to  be  expected.  Our  ex- 
perimental data  support  the  conclusion  that 
a substantial  degree  of  cell  filling  does 
occur.  We  infer  that  the  factor  A is  not 
negligible  and  that  cell  filling  is  not 
limited  by  ry  alone. 

The  migration  of  filling  compound  A into 
solid  HOPE  and  PP  insulations  is  presented 
by  Figures  2 and  4 and  that  of  compound  B 
into  solid  HDPE  by  Figure  7.  The  slope  of 
In  percent  absorption  against  In  time  are 
appreciably  smaller  for  70°C  compared  to 
that  at  30°C.  This  anomaly  is  due  to  the 
fact  that  within  the  time  period  covered 
the  absorption  at  70°C  has  approached  the 
saturation  level  (WQ  while  that  for  lower 
temperatures  is  progressively  further  and 
further  away  from  the  equilibrium  state. 
Since  the  initial  rate  in  any  absorption 
process  is  very  high*3  and  since  this  de- 
creases as  equilibrium  is  approached,  the 
overall  slopes  as  given  by  the  logarithmic 
plots  in  Figures  2,  4 and  6 are  higher  at 
lower  temperatures.  As  the  experiments 
at  lower  temperatures  progress, the  level 
of  absorption  will  approach  WD  and  the 
overall  slopes  in  the  logarithmic  plots 
will  be  smaller  as  shown  in  Figure  2 for 
HDPE  foam. 

The  small  slope  at  70°C  in  Figure  2 
suggests  that  the  absorption  by  solid  HDPE 
has  almost  reached  equilibrium  around  11%. 
This  value  is  close  to  the  10%  value  ob- 
tained by  Anderka*4  et  al  and  9%  value 
obtained  by  Foord4.  The  high  slopes  at 
lower  temperatures  may  indicate  that  wQ 
values  at  these  temperatures  are  not  far 
from  the  11%  value  estimated  above  for 
70°C  and  the  temperature  dependence  of 
WQ  is  small  due  to  small  ^\H*m  as  dis- 
cussed earlier. 

The  rate  and  level  of  absorption  of  com- 
pound A into  solid  polypropylene  (Figure 
4),  is  very  close  to  that  for  solid  poly- 
ethylene and  the  WQ  value  may  be  close  to 
11%.  Foord4  estimated  5%  for  equili- 

brium absorption  by  polypropylene.  It 
may  however,  be  pointed  out  that  W0  is 
largely  a function  of  amorphous  content 
and  an  appreciable  amount  of  atactic  poly- 
propylene is  included  in  the  isotactic 


polypropylene.  The  compound  used  in  our 
work  may  differ  in  the  atactic  content 
as  a result  of  which  WQ  in  this  case 
could  be  twice  as  that  obtained  by  Foord.4 
The  apparent  higher  slopes  at  low  temp- 
erature again  suggest  that  the  WQ  value 
is  fairly  temperature  independent  as 
mentioned  above. 

The  migration  of  filling  compound  B 
into  solid  polyethylene  proceeds  about 
30%  faster  compared  to  that  of  A (Figure 
7).  The  equilibrium  absorption,  W0  may 
be  approximately  13  to  14%  compared  to 
11%  for  A.  It  is  known  that  compound  A 
contains  a polymeric  additive  and  hence, 
the  chemical  potential  of  the  migrating 
component  in  this  compound  is  somewhat 
smaller  than  in  compound  B which  does  not 
contain  such  an  additive.  The  apparent 
anomaly  of  high  slopes  at  lower  tempera- 
ture persists  > a greater  degree  in  this 
case. 

The  migration  into  cellular  .nsulations 
is  distinctly  different  both  with  re- 
spect to  migration  rates  and  weight 
gains.  Generally,  compound  A migrates 
into  HDPE  foam  faster  than  into  solid 
HDPE  as  reflected  by  the  comparison  of 
Figures  3 and  2.  The  somewhat  higher 
slopes  at  low  temperatures  for  HDPE 
solid  are  anomalous.  The  weight  gains 
are  higher  at  the  temperatures  and 
times  tested.  Since  there  is  no  reason 
to  assume  higher  solubility  of  the  fill- 
ing compound  in  the  matrix  of  the  foam, 
the  higher  weight  gain  indicates  that  at 
least  part  of  the  filling  compound  has 
migrated  into  the  cells.  The  higher 
slopes  can  also  be  interpreted  as  an  in- 
dication of  cell  filling. 

Figure  5 shows  the  migration  of  the  same 
filling  compound  into  skin/foam  insula- 
tion. The  percent  weight  gain  data  are 
lower  for  comparable  periods  than  those 
for  the  plain  foam.  The  higher  slopes 
represent  higher  migration  rates,  and 
imply  that  in  due  time  the  skin/foam  may 
absorb  more  filler.  The  relative  proxi- 
mity and  parallel  position  of  lines  for 
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70  and  30°C  indicates  moderate  temperature 
dependence  and  that  the  migration  pro- 
ceeds at  a steady  rate  for  the  entire 
range.  This  also  implies  that  the  per- 
meation and  cell  filling  are  talcing  place 
simultaneously.  At  the  initial  stage  the 
rate  of  permeation  is  very  high  due  to 
higher  concentration  gradient.  The  rate 
of  cell  filling  is  lower  because  the 
smaller  hydrostatic  head  of  the  absorbed 
liquid  in  the  matrix  as  compared  to  the 
empty  cells.  As  the  time  proceeds,  the 
concentration  gradient  becomes  smaller 
giving  lower  rate  of  permeation,  but  the 
rate  of  cell  filling  becomes  faster  due 
to  higher  hydrostatic  pressure.  Since 
the  rate  of  weight  gain  at  any  time  is 
the  sum  of  the  twin  processes  of  permea- 
tion and  cell  filling,  it  remains  steady 
over  the  entire  period  covered. 

Filling  compound  B migrates  much  faster 
into  skin/foam  insulation  than  compound 
A.  Figure  6 shows  2 to  3 fold  increase 
in  percent  weight  gain  for  compound  B at 
comparable  times.  This  is  in  line  with 
the  difference  between  these  compounds 
with  solid  insulations  as  discussed  earlier 
(Figures  2 and  7).  The  high  levels  of 
weight  gains  and  high  slopes  of  the  iso- 
therms indicate  high  migration  rates  for 
the  skin/foam  systems  and  are  surprising. 
Simple  logic  could  predict  values  be- 
tween those  for  solid  and  plain  foam 
systems.  One  possible  explanation  in- 
volves the  difference  in  cell  sizes  be- 
tween foam  and  skin/foam.  The  latter  ones 
are  much  larger  and  may  accumulate  the 
penetrant  faster  than  the  small  cells  of 
the  plain  foam. 

Effect  of  Temperature 

The  temperature  dependence  of  the  rate  of 
absorption  of  filling  compound  by  in- 
sulating material  has  been  studied  with 
a view  to  understand  the  mechanism  as 
well  as  to  make  extrapolations  to  service 
temperature.  The  conventional  method  is 
to  treat  the  rates  of  migration  on  the 
basis  of  Arrhenius  correlation.  However, 
the  petrolatum  based  filling  compound  is 
not  a homogeneous  material1^  and  its 
portion  available  for  migration  into  the 
insulation  may  vary  with  temperature. 

Hence,  any  treatment  over  a range  of 
temperatures  will  involve  different  spe- 
cies. These  species  are  similar  in 
chemical  structure  and  the  diffusing  unit. 


which,  according  to  Allen  et  al*® , is 
small  and  similar  for  all  species  and  dif- 
fuses unit  by  unit.  Hence. 

Arrhenius  plot  may  be  justified.  As 
noted  earlier,  instead  of  plotting  the 
rate  of  absorption  against  reciprocal 
temperature,  the  amounts  of  filling 
compound  absorbed  at  10,  100  and  300  days 
have  been  plotted  in  Figures  8 to  13.  The 
apparent  activation  energies  computed  from 
these  slopes  are  presented  in  Table  2. 

The  temperature  dependence  of  the  rate  of 
absorption  of  compound  A into  solid  PE 
and  PP  is  given  in  Figures  8 and  10  and 
that  for  <x>mpound  B into  solid  PE  in 
Figure  13.  They  are  fairly  linear  and 
the  correlation  coefficients  in  all  cases 
are  fairly  high.  One  of  the  common  fea- 
tures of  the  3 diagrams  is  the  gradual 
decrease  in  the  slopes  with  increasing 
time.  This  is  due  to  the  fact 
that  at  the  initial  stage  both  the  rates 
and  their  temperature  dependence  are  high. 
At  the  latter  stage  when  the  level  of 
absorption  approaches  the  equilibrium 
value,  the  rate  as  well  as  the  tempera- 
ture dependence  aresmaller. 

The  temperature  dependence  for  compound  A 
into  PE  foam  and  skin/foam  is  given  in 
Figures  9 and  11  and  that  for  compound  B 
in  Figure  13.  The  slopes  for  10,  100 
and  300  days  are  similar  in  Figures  9 and 
11  and  smaller  than  those  for  solid  in- 
sulations. As  mentioned  earlier,  both 
permeation  and  cell  filling  take  place 
simultaneously  in  case  of  cellular  in- 
sulations. Hence,  the  temperature  de- 
pendence represents  the  combined  tempera- 
ture dependence  of  permeation  and  cell 
filling.  An  analysis  of  equation  (31 
shows  that  in  the  second  term,  A occurs 
both  in  the  numerator  and  denominator  and 
hence  its  temperature  dependence  tends  to 
cancel  out.  On  the  other  hand,  the 
temperature  dependence  of  is  positive 
and  the  overall  activation  energy  will 
be  the  activation  energy  due  to  permeation 
minus  the  activation  energy  of  the  viscous 
flow.  This  explains  the  lower  slope  and 
the  lower  activation  energy  for  absorp- 
tion of  filling  compound  into  cellular 
insulation.  The  temperature  dependence 
of  absorption  of  compound  B into  skin/ 
foam  at  100  and  300  days  are  similar  to 
compound  A whereas  that  for  10  day  period 
is  somewhat  higher. 
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Extraction 


The  objective  of  extraction  experiments 
is  the  development  of  a technique  permit- 
ting determination  of  the  actual  weight 
gain  of  cable  samples  exposed  to  actual  ag- 
ing. The  types  of  wires,  the  details  of 
the  extraction  process  and  the  results  are 
summarized  in  Table  3. 

Controls  not  exposed  to  filling  compounds 
yielded  some  extractable  component.  Vir- 
gin HOPE  lost  0.5  to  0.8%  in  petroleum 
ether  and  1 to  1.4%  in  n hexane,  poly- 
propylene lost  5.1%  in  hexane.  Additives, 
such  as  stabilizers,  and  carriers  used  in 
the  color  concentrates  are  believed  to  be 
extracted  from  HOPE  while  PP  is  known  to 
contain  a few  percent  atactic  polymer 
which  could  be  extracted  with  hydrocar- 
bons. The  efficiency  of  the  extraction 
was  established  with  wires  of  known  fill- 
ing compound  content  from  the  migration 
experiments.  Petroleum  ether  extracted 
only  60  to  70%  of  the  known  filler  con- 
tent (Experiment  Nos.  5 and  2 in  Table  3 
respectively) . N hexane  gave  extraction 
efficiencies  of  over  80%  (Nos.  8,  12  and 
17  in  Table  3). 

The  comparisons  are  based  on  normalized 
weights,  with  the  weight  of  insulation 
before  extraction  being  100.  The  weight 
loss  due  to  extraction  and  the  known 
filling  compound  content  of  insulations 
impregnated  in  the  laboratory  are  there- 
fore weight  percent  of  the  unextracted 
insulation.  The  "apparent  filler  re- 
covery %"  column  in  Table  3 is  the  ratio 
of  extracted  material  and  known  filler 
content.  The  estimated  filler  recovery 
is  based  on  analogy  with  the  closest 
known  composition.  The  "estimated  filler 
recovery,  %"  values  were  applied  to  cal- 
culate the  estimated  filler  level.  As  an 
example,  in  experiment  #2,  a laboratory 
HDPE  skin/foam  sample  containing  6.4% 
filling  compound  A was  extracted  with 
petroleum  ether.  After  the  extraction, 
the  weight  of  the  insulation  decreased  to 
95.6%  and  4.4%  was  extracted.  This  re- 
presents 69%  of  the  original  6.4%  filling 
compound  A,  and  is  designated  as  "apparent 
filler  recovery".  Using  69%  as  "estima- 
ted filler  recovery"  on  the  10%  weight 
loss  in  experiment  #3,  the  estimated 
filler  level  is  calculated  as  14.5%.  This 
in  turn,  is  converted  into  "estimated  age 
of  cable"  using  isotherm  #4  in  Figure  14 
as  32  months,  and  compared  to  the  actual 


age  of  25  months.  The  extraction  re- 
sults reveal  significant  filling  com- 
pound migration  for  HDPE  cables  stored 
in  unheated  warehouses,  as  shown  below 

Age  % Weight  Gain 

Mo.  Solid  a Foam  S/F 

Extraction  Data 

14  5.1  7.8 

30  8.9  11.6 

Weight  Gain  Data  for  20°C 

14  7.6  il 

30  14  14 

The  agreement  between  extraction  and  mi- 
gration data  is  about  as  good  as  can  be 
expected,  considering  that  the  average 
warehouse  storage  temperature  is  probably 
less  than  20°C. 

Both  filler  levels  and  cable  ages  are 
estimated  as  ranges  for  PP  insulations, 
due  to  the  high  extractable  component  in 
the  PP  (Nos.  20  to  23).  The  low  end  of 
the  estimated  ages  equates  the  filler 
content  with  the  difference  between  ex- 
traction losses  of  the  wire  recovered 
from  a filled  cable  and  the  virgin  wire 
(e.g.,  7.9  - 5.1  = 2,8%  for  experiment 
#20) . The  high  end  of  the  range  assumes 
all  extraction  loss  consists  of  filling 
compound . 

Gel  Permeation  Chromatographic  Analysis 

Nine  filling  compound  samples  (A  to  I) 
and  one  low  molecular  weight  polyethylene 
sample,  suitable  for  use  as  a thickening 
agent  were  subjected  to  GPC  analysis. 
Filling  compounds  A to  D are  commercially 
available  materials,  E to  I were  retrieved 
from  cables  stored  in  warehouses. 

The  objectives  of  the  study  were  three- 
fold! 

1.  TO  determine  whether  the  poly- 
ethylene thickener  incorporated 
into  compounds  A,  C and  D could 
be  readily  distinguished  from  the 
petrolatum  fraction. 

2.  To  establish  whether  filling  com- 
pounds of  various  manufacturers 
could  be  differentiated  by  this 
technique. 

3.  to  determine  if  any  component  in 
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the  filling  compound  is  depleted 
during  storage. 

Typical  chromatograms  are  presented  in 
Figures  15  and  16.  Although  their  two 
peaks  overlap  slightly  (Figure  16),  it 
was  found  that  petrolatum  and  polyethylene 
fractions  are  quite  well  resolved.  It  is 
therefore,  quite  easy  to  distinguish  a PE 
containing  compound  like  A,  C or  D from 
one  which  lacks  polyethylene.  In  addition, 
the  chromatogram  of  a low  molecular  weight 
PE  alone  was  compared  to  that  of  the  high 
molecular  weight  fraction  of  compound  A 
and  was  found  to  be  identical. 

Figure  15  depicts  the  superposition  of 
three  chromatograms:  that  of  Compound  B 
(taken  at  two  substantially  different 
times  but  from  a total  of  only  several 
grams  of  sample)  and  F,  the  filler  re- 
trieved from  a cable  from  manufacturer 
B,  which  is  believed  to  correspond 
originally  to  Compound  B.  The  three 
curves  have  been  normalized  with  respect 
to  total  area.  The  two  Compound  B curves 
are  quite  similar  except  that  one  shows  a 
smaller  low  molecular  weight  tail  than  the 
other  (which  is  compensated  for  by  an  in- 
crease in  the  area  directly  under  the  peak) . 
This  discrepancy  could  be  viewed  as  the 
combination  of  two  effects:  the  repeata- 
bility of  the  experimental  method  as  well 
as  the  inhomogeneity  within  the  sample. 

The  chromatogram  for  Compound  F shows  a 
further  loss  of  low  molecular  weight  tail 
with  respect  to  the  two  Compound  B curves 
and  a significant  loss  of  the  high  mole- 
cular weight  tail.  The  latter  implies  a 
preferential  migration  of  the  hioh  mole- 
cular weight  component  which  is  contrary 
to  common  sense.  However,  it  is  clear 
that  there  is  no  evidence  of 
preferential  migration  of  the  lc*rf  molecu- 
lar weight  component  particularly  in  light 
of  the  rather  narrow  molecular  weight  dis- 
tribution of  the  petrolatum  fractions 
(corresponding  to  a range  in  carbon  chain 
lengths  of  roughly  20  to  80) . Similar 
effects  can  be  noted  in  comparing  the 
normalized  chromatograms  of  Compounds  A 
and  G (a  retrieved  sample  from  manufac- 
turer A)  in  Figure  16. 

It  was  determined  that  filling  compounds 
A,  C and  D (all  containing  PE)  have  chro- 
matograms too  similar  to  resolve  with  any 
degree  of  certainty.  Compound  E,  retrieved 
from  a cable  by  manufacturer  E,  appears  to 
contain  a much  higher  molecular  weight 


tail  in  the  distribution  of  its  poly- 
ethylene fraction,  and  more  of  the  low 
molecular  weight  fraction  of  the  petro- 
latum (Figure  16). 

Effect  of  Filler  Migration  on  Wateroroofness 

One  of  the  consequences  of  the  migration 
of  the  filling  compound  is  that  its  de- 
pletion in  the  interstices  among  wires 
may  create  voids,  which  in  turn,  can  be 
filled  with  ingressing  water!7  The  assess- 
ment of  the  correlation  between  percent 
weight  gain  of  insulation  and  the  de- 
crease in  cable  fill  level  is  therefore 
of  major  concern.  The  data  generated 
on  migration  are  applied  to  estimate  this 
correlation. 

Though  subject  to  variations  with  con- 
struction, the  combined  cross  section 
of  wires  amount  to  about  52%  of  the  total 
cross  section,  leaving  about  48%  as  the 
combined  cross  section  of  interstices. 
Ideally,  this  area  is  completely  filled 
with  the  filling  compound  resulting  in 
100%  cable  fill.  When  the  filling  com- 
pound migrates  into  solid  insulation, 
swelling  occurs.  It  is  generally  assumed 
the  increase  in  the  cross  section  of 
wires  due  to  swelling  is  comparable  to 
the  decrease  in  the  cross  section  of  the 
compound  in  the  interstices,  which  in 
turn  implies  no  major  change  in  cable 
fill. 

The  effect  of  filler  migration  into  solid 
insulation  on  cable  fill  level  is  assessed 
on  a qualitative  basis.  The  migration  is 
expected  to  progress  to  the  saturation 
level  at  the  rate  shown  by  the  20°C  iso- 
therms Nos.  1,  3 and  5 in  Figure  14.  The 
saturation  level  is  estimated  at  some- 
what in  excess  of  11%,  and  the  change  in 
cable  fill  is  small  (Table  4). 

In  cellular  insulations,  the  migrating 
compound  may  replace  the  gas  in  the  cells, 
which  in  turn,  replaces  the  filling  com- 
pound in  the  interstices.  This  process 
depletes  the  filling  compound  and  causes 
a decrease  in  cable  fill.  The  extent 
of  this  decrease  is  estimated  for  two 
specific  cases. 

In  plain  foam  (0.047"  DOD,  22  AWG  con- 
ductor, 30%  blow)  the  cross  section  area 
of  cells  amounts  to  21.2%  of  the  cross 
section  of  a single  wire  and  0.52  x 
21.2  * 11.2%  of  the  cable  cross  section 
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area.  The  plastic  portion  of  the  foam  is 
50.2%  of  the  single  wire's  cross  section 
and  26.1%  of  the  total  cables'  cross  sec- 
tion. Assuming  that  all  tha  migrated 
filler  is  located  in  the  cells,  and  no 
increase  in  DOD  of  the  single  wire  occurs, 
and  ignoring  the  difference  in  the  speci- 
fic gravities  of  insulation  and  filling 
compound,  1%  weight  gain  of  the  insulation 
results  in  0.54%  decrease  in  cable  fill. 

In  the  skin/foam  construction  used  in  these 
experiments,  the  cross  section  area  of  the 
plastic  portion  of  the  insulation  amounts 
to  44.8%  of  that  of  a single  wire,  and 
23.3%  of  the  cross  section  of  the  cable. 

One  percent  weight  increase  therefore,  may 
decrease  the  cable  fill  level  by  0.49% 
under  the  conditions  stipulated  for  plain 
foam. 

The  estimated  effect  of  migration  in  5 
and  10  years  is  presented  in  Table  4. 

The  percent  weight  gain  is  estimated  from 
isotherm  Nos.  2,  4 and  5 in  Figure  14  for 
the  3 cellular  insulation  - filling  com- 
pound combinations,  and  the  results  mul- 
tiplied by  the  applicable  factor  of  0.54 
or  0.49.  The  migration  of  filling  com- 
pound A may  cause  9.1%  decrease  in  cable 
fill  in  5 years  and  11.8%  in  10  years. 

While  no  rigid  limits  are  established  for 
acceptability  in  this  respect,  generally 
6%  decrease  in  cable  fill  is  considered 
to  result  in  substantial  deterioration  in 
cable  quality.  Filling  compound  A in 
combination  with  HOPE  skin/foam  insulation 
is  comparable  to  the  plain  foam  after  5 
and  10  years.  Compound  B migrates  faster 
into  skin/foam  and  may  result  in  16  and 
22.5%  cell  fill  decrease  in  5 and  10 
years  respectively. 

These  estimates  are  based  on  extrapola- 
tions and  assumptions,  and  their  validty 
depends  on  the  validity  of  these  assump- 
tions. At  this  time,  they  are  considered 
as  indications  of  potential  deteriora- 
tion of  waterproofness. 

Conclusions 

1.  Filling  compounds  migrate  into  solid 
insulations  even  at  temperatures  as 
low  as  30°C.  This  process  is  limited 
by  the  mutual  solubilities  of  the 
compound  and  the  insulation. 


2.  Migration  into  cellular  insulations 
progresses  beyond  the  solubility 
limit  of  the  solid  polyethylene  ma- 
trix. Time  temperature  correlations 
support  the  model  of  simultaneous 
permeation  of  solid  matrix  and  cell 
filling. 

3.  The  extent  of  migration  depends  on 
cell  dimensions,  the  nature  of  the 
filling  compound  and  temperature. 

4.  Extraction  with  hydrocarbon  solvents 
confirms  the  cell  filling  indicated 
by  weight  gain  measurements. 

5.  The  molecular  weight  distribution 
determined  by  gel  permeation 
chromatography  is  helpful  in  charac- 
terizing the  cell  filling  tendencies 
of  the  different  filling  compounds. 

6.  Depending  on  the  insulation  type  and 
the  nature  of  the  filling  compound, 
the  migration  into  cellular  insula- 
tions may  decrease  the  cable  fill 
sufficiently  to  cause  a deteriora- 
tion in  waterproofness. 
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THE  AGING  OF  FILLED  CABLE  WITH  CELLULAR  INSULATION 
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ABSTRACT 

This  paper  summarizes  the  results  of  two 
years  of  study  at  the  laboratories  of  a Canadian 
cable  manufacturer,  followed  by  six  months  of 
study  in  the  United  States.  The  test  programs 
were  tailored  to  investigate  the  phenomenon  of 
cell  filling  in  filled  cable  with  cellular  in- 
sulation during  accelerated  aging  at  elevated 
temperatures.  As  usual,  electrical  properties 
such  as  mutual  capacitance  were  monitored  during 
aging;  but,  in  addition,  several  physical  prop- 
erties including  the  specific  gravity  of  the 
insulation  were  monitored  throughout  the  aging 
process.  A further  complication  in  the  perfor- 
mance and  interpretation  of  accelerated  aging 
experiments  was  identified:  short  samples  of 
cable  do  not  necessarily  age  in  the  same  way 
as  long  samples. 


INTRODUCTION 

Many  laboratories  around  the  world  have 
studied  filled  cable  with  cellular  insulation. 

In  particular,  they  have  investigated  the 
tendency  of  oils  in  filling  compounds  to  migrate 
into  the  cells  of  foam  insulation  during  accel- 
erated aging  at  elevated  temperatures1* ••»1 1 . 
Extrapolating  the  results  of  such  tests  to  service 
conditions,  however,  is  by  no  means  straight- 
forward. Thus,  definitive  laboratory  proof  that 
cell  filling  will  never  become  a problem  during 
the  service  life  of  filled  cellular  cable  has  not, 
in  fact,  been  forthcoming.  Field  experience  is 
gradually  verifying  the  suitability  of  the  cable 
for  burled  installations;  but  experience  with 
aerial  installations  which,  of  course,  reach  much 
higher  temperatures.is  still  limited.  All  in 
all,  even  a slight  risk  seems  undesirable,  and 
further  lab  work  appears  appropriate. 

As  the  plastic  in  cellular  insulation 
absorbs  filling  compound  at  elevated  temperatures, 
the  plastic  swells  causing  an  increase  in  insu- 
lation diameter.  This  results  in  a drop  in 
mutual  capacitance.  But  if  filling  compound 
displaces  air  in  the  cells,  the  effective 
dielectric  constant  of  the  insulation  increases 
and  the  mutual  capacitance  goes  up.  Therefore, 
the  observed  capacitance  is  the  sum  of  at  least 
two  effects,  and  capacitance  does  not  provide  a 
direct  measure  of  cell  filling.  In  order  to 


follow  cell  filling  as  aging  progresses,  one  can 
physically  examine  the  insulation  in  a series  of 
samples  aged  for  various  periods  of  time.  This 
procedure  was  adopted  in  the  present  studies  in 
the  hope  that  cell  filling  would  be  precisely 
characterized  as  a function  of  temperature  and 
time,  and  that  the  relation  between  mutual 
capacitance  and  cell  filling  could  be  unambig- 
uously determined.  It  was  also  hoped  that  this 
information  might  be  used  to  verify  or  disprove 
the  suggestion  that  cell  filling  occurs  only 
above  some  threshold  temperature10.  If  the 
suggestion  proved  incorrect,  then  the  experi- 
mental data  might  still  throw  further  light  on 
behaviour  at  lower  temperatures. 

Many  samples  of  finished  cable  were  used  in 
the  aging  experiments  so  that  the  insulation 
being  aged  would  be  exposed  only  to  the  amount 
of  filling  compound  normally  present  in  cable. 

In  addition,  however,  individual  insulated 
conductors  obtained  by  dissecting  finished  cable 
were  aged  in  an  "unlimited"  supply  of  filling 
compound  for  purposes  of  comparison.  Dealing 
with  singles  is  more  convenient,  and  it  was 
hoped  to  find  a correlation  between  the  aging 
of  the  insulation  on  singles  and  the  aging  of 
the  insulation  in  samples  of  finished  cable. 

Because  of  the  nature  of  the  study,  a large 
number  of  cable  samples  were  required.  In  the 
case  of  the  25  pair,  22  AWG  cable  with  cellular 
medium  density  polyethylene  insulation  and 
petroleum  jelly  filling  compound,  more  than  two 
hundred  samples  were  cut  from  a cable  9000  feet 
in  length.  In  all,  the  number  of  individual 
laboratory  measurements  numbered  in  the  tens  of 
thousands.  In  some  instances,  possible  aging 
effects  were  masked  by  experimental  error.  The 
results  which  are  more  or  less  unequivocal  are 
presented  below. 


THE  TEST  PROGRAM 
Description  of  Cables 

The  most  extensive  series  of  tests  involved 
medium  density  polyethylene  foam  insulation, 
where  the  specific  gravity  of  the  base  resin  was 
0.935.  The  associated  filling  compound  was  a 
petroleum  jelly  with  no  polymers  added.  (The 
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Table  I:  Types  of  Test  Cables 


Designation 

Wire  Size 
(AWG) 

No.  of 
Pairs 

Type  of 
Insulation 

Percentage  of  Gas  in 
Unaged  Insulation 

Type  of 

Filling  Compound 

A 

22 

25 

Foam  MDPE 

40.0* 

PJ 

B 

26 

50 

Foam  MDPE 

30** 

PJ 

C 

22 

25 

Solid  MOPE 

0 

PO 

D 

22 

12 

Foam  PP 

- 

PJ  + polymers 

E 

24 

50 

Foam  HDPE 

40* 

PJ  + polymers 

♦measured  average 
♦♦nominal 


nominal  specific  gravity  of  the  jelly  was  0.91, 
and  the  minimum  drop  melting  point  using  ASTM 
D- 127  was  specified  to  be  180°F.)  Two  types  of 
cable  with  these  materials  were  tested,  namely 
25  pair,  22  AWG  and  50  pair,  26  AUG.  Let  us 
designate  the  two  types  as  "A"  and  "B", 
respectively.  It  Is  noteworthy  that  the 
percentage  of  gas  in  the  unaged  insulation 
of  type  A was  somewhat  higher  than  would  be 
tolerated  in  normal  production. 

To  provide  a reference,  a very  limited 
amount  of  testing  was  also  performed  on  a filled 
cable  with  solid  insulation.  This  cable,  to  be 
called  cable  "C",  was  Insulated  with  a material 
that  was  identical  to  the  base  resin  in  cables 
A and  B;  and  there  was  no  change  in  the  filling 
compound.  A,  B and  C all  had  aluminum  shields 
bonded  to  the  jacket. 

Cable  "D"  will  refer  to  a filled  cable  made 
with  foam  polypropylene  insulation.  In  the 
unaged  state,  the  average  specific  gravity  of 
the  foam  was  found  to  be  0.65.  This  cable  was 
commercially  available  in  1975;  but,  apart  from 
the  possible  implications  of  this  date,  no 
Information  Is  available  on  the  type  of  poly- 
propylene Involved.  The  filling  compound  was  a 
very  tacky  polymer-modified  petroleum  jelly,  and 
it  was  In  contact  with  the  jacket  because  the 
aluminum  shield  was  not  bonded  thereto. 

Finally,  some  testing  was  also  performed  on 
cable  "E",  a filled  cable  with  foam  high  density 
polyethylene  Insulation,  where  the  specific 
gravity  of  the  base  resin  was  0.95;  as  in  the 
case  of  cable  A,  the  degree  of  expansion  of  the 
cellular  material  was  greater  than  normally 
desirable.  The  filling  compound  was  a polymer- 
modified  petroleum  jelly,  with  a specified 
minimum  drop  melting  point  of  198°F  (ASTM  D-127), 
and  the  aluminum  shield  was  bonded  to  the  jacket. 
Further  details  may  be  found  in  Table  I. 


Test  Method 

Aging  Temperatures.  Samples  were  aged  at 
four  temperatures : 65°C,  60°C,  55°C  and  about 

23°C  (room  temperature).  Test  temperatures  of 
about  70°C  or  higher  were  avoided  so  that  the 
experiment  would  not  be  complicated  by  the  second 
order  transition  point  of  the  medium  density 
polyethylene  at  69  to  70°C. 

In  order  to  ensure  that  samples  were  aged  at 
constant  temperature,  thermocouples  were  installed 
in  several  places  within  each  oven  and  the  tem- 
peratures were  monitored  on  a regular  basis.  It 
was  hoped  to  keep  variations  within  1/2°C,  and, 
in  practice,  no  variations  as  great  as  1/2°C  were 
recorded. 

Preparation  of  Cable  Samples  for  Aging.  All 
cable  samples  destined  to  be  dissected  and  ex- 
amined  after  oven  aging  were  capped  on  both  ends 
and  coiled,  and  the  coils  were  placed  vertically, 
with  ends  up,  in  the  appropriate  ovens. 

Where  mutual  capacitance  was  to  be  monitored, 
each  sample  was  treated  similarly,  except,  of 
course,  that  only  one  end  was  capped,  and  the 
pairs  at  the  other  end  were  brought  through  a 
port  in  the  oven  wall  to  be  connected  to  a 
terminal  board  mounted  on  the  side  of  the  oven 
close  to  the  port.  The  exposed  pairs  were  not 
disturbed  during  the  course  of  the  experiment. 

One  long  sample  of  cable  A on  a reel  in  the  oven 
at  65°C  was  terminated  at  both  ends  so  that 
attenuation  could  be  measured. 

Preparation  of  Singles  for  Aging.  For 
insulated  conductors  which  were  to  be  aged  in  an 
"unlimited"  supply  of  filling  compound,  unaged 
cable  samples  were  dissected  and  appropriate 
singles  were  removed  and  placed  in  open  pans 
containing  a large  amount  of  the  same  filling 
compound  that  the  cable  contained  originally. 
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The  grease  was  packed  all  around  the  singles 
except  for  the  ends;  these  were  not  submerged. 

Length  of  Samples.  Except  for  the  sample  of 
cable  E which  was  91m  in  length,  and  the  reel 
holding  1355m  of  cable  A,  all  samples  used  to 
monitor  mutual  capacitance  were  either  10m  or  5m 
in  length.  Five  meter  lengths  were  used  in  the 
small  ovens  that  were  held  at  55°C  and  60°C, 
whereas  ten  meter  lengths  were  used  in  the  large 
oven  at  65°C  and  in  the  open  laboratory  where 
potential  capacitance  changes  at  room  tempera- 
ture were  monitored. 

All  cable  samples  available  for  destructive 
testing  after  various  periods  of  aging  were 
either  5m  or  2.5m  long.  Again,  the  shorter 
samples* ere  used  only  in  the  ovens  at  55°C  and 
60°C;  however,  the  samples  used  to  determine  the 
insulation  densities  reported  in  Fig.  11  for 
55°C  were  5m  in  length. 

Finally,  singles  for  aging  in  excess  filling 
compound  were  all  5m  long. 

Choice  of  Pairs.  Every  pair  was  monitored 
in  the  samples  prepared  for  the  measurement  of 
mutual  capacitance,  except  for  the  50  pair  26  AWG 
cables  with  medium  density  polyethylene  foam 
insulation  where  only  10  pairs  were  monitored. 

Usually,  ten  wires  from  five  pairs  were 
tested  when  aged  samples  were  examined  for 
physical  changes.  For  each  cable  type,  the 
same  five  pairs  were  always  chosen.  With  the 
exception  of  the  twelve-pair  cable,  all  ten 
colours  of  insulation  were  included  in  the 
five  pairs. 

Physical  Measurements  Performed.  The 
following  weights  and  dimensions  were  measured 
for  each  sample  of  Insulated  conductor  after 
excess  filling  compound  had  been  removed  from 
its  surface  by  wiping  with  a soft  cloth  dampened 
by  a chlorinated  solvent:  weight  of  Insulated 
conductor  in  air  and  in  water,  weight  of  the 
copper  conductor  alone  in  air  and  in  water,  and 
Insulation  and  conductor  diameters  (using  a 
micrometer).  Conductor  diameters  were  found  to 
be  so  uniform  that  the  best  measure  of  length 
proved  to  be  conductor  weight. 


RESULTS 

Changes  in  Transmission  Properties 

Mutual  Capacitance.  The  nominal  capacitance 
of  all  the  cables  under  test  was  83  nF/mile  as 
manufactured.  Figures  1 to  5 present  the 
percentage  change  in  capacitance  as  a function 
of  time  for  the  four  types  of  filled  foam  cable 
that  were  subject  to  accelerated  aging.  Before 
the  ovens  were  turned  on,  the  initial  capacitance 
of  each  pair  was  determined;  then  for  any  given 
individual  pair,  the  difference  between  each 
subsequent  reading  and  the  initial  reading  was 


expressed  as  a percentage  of  the  initial  reading 
for  that  particular  pair.  Finally,  for  each 
cable  sample  at  each  stage  of  aging  the  average 
and  standard  deviation  of  these  percentages  were 
calculated  for  all  the  pairs  monitored  in  the 
sample. 

The  points  plotted  on  the  graphs  are,  of 
course,  the  averages,  and  the  error  bars  plotted 
above  and  below  any  given  average  indicate  plus 
and  minus  one  standard  deviation,  respectively. 
These  error  bars  represent,  in  some  sense,  the 
magnitude  of  real  variations  from  pair  to  pair 
in  addition  to  variations  due  to  experimental 
error. 

Let  us  consider  the  behaviour  of  all  the 
samples  which  were  five  or  ten  meters  in  length 
(i.e.  all  samples  except  for  the  long  sample 
of  cable  A and  the  sample  of  cable  E).  If 
these  results  are  taken  at  face  value,  MDPE 
appears  to  be  in  trouble  at  65°C,  and  the 
particular  polypropylene  in  cable  D appears  in 
trouble  even  at  55°C.  However,  according  to 
Fig.  l (which  compares  the  effect  of  aging  short 
and  long  samples  of  the  same  cable),  1355m  of 
cable  A with  MDPE  insulation  aged  at  65°C  with 
no  significant  degradation  in  the  capacitance. 

A sample  of  cable  C with  solid  MDPE  in- 
sulation was  also  monitored  for  capacitance 
changes  at  65°C.  It  is  noteworthy  that  twenty- 
four  hours  after  the  oven  was  turned  on,  the 
average  capacitance  had  dropped  by  4.8%. 

Other  Parameters.  The  attenuation  at  150 
and  77 i kHz,  the  capacitance  unbalance  pair-to- 
pair  and  pair-to-shield,  and  the  mutual  con- 
ductance of  a limited  number  of  pairs  in  the 
long  sample  of  cable  A were  measured  at  room 
temperature  before  and  after  aging  for  thirteen 
weeks  at  65°C.  Considering  the  accuracy  of  the 
measurements,  no  significant  changes  were  ob- 
served. In  the  case  of  the  attenuation  measure- 
ments, actual  changes  must  have  been  less  than 
1%  and  2*5%  at  772  kHz  and  150  kHz,  respectively. 

Changes  in  Physical  Properties  of  Insulation 

Weight  of  Insulation.  In  the  unaged  state, 
the  weight  per  unit  length  of  the  insulation  in 
cable  A was  found  to  be  relatively  uniform  from 
wire  to  wire  and  along  the  length  of  any  given 
wire.  Because  of  this,  all  changes  in  weight 
after  aging  were  calculated  as  percentages  of  the 
average  weight  per  unit  length  before  aging, 
namely  0.378  gm/m.  Fig.  6,  Fig.  7 and  Fig.  8 
present  the  results  of  accelerated  aging  of  short 
samples  of  cable  A and  of  singles  from  A in  a 
large  amount  of  filling  compound. 

At  55°C,  the  weight  increase  of  the  in- 
sulation in  cable  A was  somewhat  greater  for 
insulation  that  aged  within  cable  samples  than 
for  insulation  that  aged  in  an  excess  of  filling 
compound;  but  the  Increase  appeared  less  uniform 
in  the  former  case  than  in  the  latter  case.  At 
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60°  such  distinctions  became  cloudy. 

Fig.  9 presents  results  for  the  polypropylene 
insulation.  Here,  all  percentages  are  based  on 
the  average  weight  per  unit  length  for  the  un- 
aged insulation  of  0.424  gm/m. 

It  should  be  mentioned  that  all  the  results 
in  Figs.  6 to  9 are  based  on  measurements  made  on 
pieces  of  insulated  wire  roughly  0.5m  in  length. 
One  of  these  samples  was  cut  from  each  of  the 
relevant  2.5  or  5m  lengths  of  aged  wire. 

The  error  bars  in  Fig.  6 to  Fig.  9 have  the 
same  meaning  as  they  do  in  Figs.  1 to  5.  In 
fact,  the  error  bars  in  all  figures  indicate 
plus  and  minus  one  standard  deviation. 

Finally,  the  solid  insulation  in  a sample 
of  cable  C Increased  in  weight  by  5.4?  after 
aging  for  13  weeks  at  65°C. 

Density  of  Insulation.  Changes  in  the 
density  of  the  MDFE  foam  in  cable  A are  plotted 
in  Fig.  10  and  Fig.  11.  The  percentages  are 
based  on  the  average  unaged  density  of 
0.561  gm/cm3. 

Both  at  65°C  and  55°C,  insulation  that 
aged  in  the  short  cable  samples  showed  a greater 
average  increase  in  density  than  insulation  that 
aged  in  an  excess  of  filling  compound. 

The  measurements  on  which  the  densities 
in  Figs.  10  and  11  are  based  were  performed  on 
almost  the  entire  5m  length  of  each  of  the 
relevant  aged  wires. 

Diameter  of  Insulation.  Using  measurements 
by  micrometer,  the  average  diameter  of  the  un- 
aged  insulated  conductors  in  cable  A was  found 
to  be  44.3  mils  (1.125mm).  The  same  figure  was 
obtained  from  calculations  starting  with  in- 
sulation weights  and  densities.  Since  the  wire 
diameter  was  25.2  mils  (0.640mm),  the  initial 
thickness  of  the  MOPE  foam  was  9.55  mils 
(0.243mm). 

For  aged  Insulation,  however,  almost  every 
average  diameter  was  based  on  the  observation  of 
only  ten  wires,  and  in  most  cases  accurate  values 
of  diameter  did  not  seem  attainable.  For  the 
short  samples  of  cable  A aging  at  65°C,  a 
believable  estimate  of  diameter  was  obtained  by 
averaging  measured  and  calculated  values. 
(Diameters  were  calculated  using  insulation 
weight  per  unit  length  and  density,  where  each 
density  was  calculated  using  data  from  the  same 
0.5m  length  of  wire  that  was  used  to  obtain  the 
corresponding  Insulation  weight.)  As  shown  in 
Fig.  12,  the  diameter  appeared  constant  at 
approximately  45.5  mils  (1.156mm)  from  about 
2 weeks  to  13  weeks;  full  diameter  was  not 
reached  until  after  the  first  week.  In  the 
case  of  aging  the  short  samples  of  cable  A and 
the  singles  from  A at  55°C,  there  appeared  to 
be  little  usable  information  in  the  results 


because  the  experimental  error  seemed  to  be 
larger  than  the  possible  effects  of  aging; 
however,  the  mean  value  of  the  diameter 
throughout  the  period  of  aging  after  the  first 
three  weeks  was  probably  within  the  range  from 
45.0  to  45.2  mils  (1.143  to  1.148mm)  for  both 
cable  samples  and  singles. 

Insulation  in  Long  Sample  of  A.  After  the 
reel  holding  1355m  of  cable  A had  aged  for  13 
weeks  at  65°C  and  the  electrical  measurements 
were  complete,  18  meters  of  cable  were  cut  from 
the  outside  end  and  the  remainder  was  examined 
in  some  detail.  In  particular,  insulation 
diameter  and  density  were  measured  for  all  fifty 
wires  in  a sample  taken  from  somewhere  near  the 
outside  end  of  the  remainder  of  the  reel.  The 
average  diameter  was  found  to  be  44.9  mils 
(1.140mm)  and  the  average  density  was  found  to 
be  0.62  gm/cm3,  i.e.  10.5%  above  the  unaged 
density  of  0.561  gm/cm3.  These  numbers  should 
be  compared  with  the  results  obtained  for  the 
insulation  in  cable  A when  5m  samples  were  aged 
in  the  same  way:  45.5  mils  (1.156mm)  and  16.8% 
above  the  unaged  density. 

Samples  at  Room  Temperature 

Throughout  two  years  of  observation  of 
cable  A,  no  statistically  significant  changes 
were  found  either  in  mutual  capacitance  or  in 
the  physical  properties  of  the  insulation. 


DISCUSSION 

End  Effects 

Comparison  of  the  results  of  aging  short  and 
long  samples  of  cable  A suggests  that  insulation 
within  a few  meters  of  the  end  of  a cable  ages 
more  severely  than  insulation  that  is  not  exposed 
to  end  effects. 

Let  us  consider  the  observed  changes  in  in- 
sulation weight  in  short  samples  of  cable  A as 
shown  in  Figs.  6 to  8.  As  previously  mentioned, 
each  individual  measurement  was  made  on  a piece 
of  insulated  conductor  only  0.5m  or  so  in  length, 
and  this  piece  was  not  always  cut  from  the  same 
place  within  the  2.5  or  5m  length  of  the  wire. 

Now  the  determination  of  insulation  weight  per 
unit  length  is  quite  an  accurate  procedure,  even 
for  wires  only  0.5m  in  length,  so  that  the  ob- 
served weights  must  be  indicative  of  the  true 
weights  for  the  pieces  of  wire  measured.  Thus, 
the  apparent  irregularity  from  week  to  week  in 
the  weight  changes  for  2.5m  cable  samples  at 
55°C  is  presumably  the  result  of  variations  in 
the  place  from  which  the  0.5m  pieces  of  wire 
were  cut.  One  may  therefore  conclude  that,  for 
cable  A at  55°C,  the  importance  of  end  effects 
varies  significantly  within  1.25m  of  the  end  of 
a cable  sample.  At  65°C,  however,  the  measured 
changes  in  weight  Increased  quite  smoothly  as  a 
function  of  time;  this  suggests,  though  does  not 
prove,  that  end  effects  must  have  been  relatively 


uniform  throughout  each  five  meter  sample.  Thus, 
end  effects  at  65°C  are  probably  Important  for 
more  than  2.5m  from  the  end  of  a cable. 

Support  for  the  above  arguments  is  also 
provided  by  the  results  for  singles  that  aged 
in  an  excess  of  filling  compound.  The  weights 
per  unit  length  plotted  for  singles  in  Fig.  8 show 
uniform  behaviour  as  a function  of  time  even 
though  weights  were  again  measured  on  pieces 
roughly  0.5m  In  length.  In  addition,  the 
densities  plotted  in  Fig.  11  (and  Fig.  10)  for 
samples  of  cable  A exhibit  fairly  smooth 
variations  as  a function  of  time.  These 
densities  were  measured  using  nearly  the  full 
5m  length  of  each  wire,  so  that  variations 
along  the  length  of  the  wires  would  have  been 
averaged  away.  Since  the  results  were  so 
uniform,  it  is  evident  that  aging  did  not 
proceed  in  a significantly  different  way  from 
cable  sample  to  cable  sample.  It  is  therefore 
reasonable  to  assume  that  variations  along  the 
length  of  each  sample  explain  the  irregular 
behaviour  of  the  insulation  weight  for  short 
cable  samples  at  55°C. 

Aging  Singles  in  Excess  Filling  Compound 

At  least  for  foam  MDPE  insulation  in 
petroleum  jelly  filling  compound,  the  effect 
of  aging  Insulated  conductors  in  an  excess  of 
filling  compound  is  not  drastically  different 
than  the  effect  of  aging  insulated  conductors 
within  cables. 

Insulation  densities  tended  to  be  lower 
for  Insulation  exposed  to  an  excess  of  filling 
compound  than  for  Insulation  exposed  to  end 
effects  in  cable  samples;  but,  at  least  at  65°C, 
the  densities  for  aging  in  a cable  core  and  in 
an  excess  of  filling  compound  were  nearly  iden- 
tical when  the  insulation  in  the  cable  did  not 
see  end  effects. 

Weight  increase  was  lower  overall  for  in- 
sulation exposed  to  an  excess  of  PJ  at  55°C  than 
for  Insulation  in  cable  experiencing  end  effects, 
but  the  increase  was  comparable  at  60°C.  Pre- 
sumably, therefore,  insulation  diameter  was 
greater  for  the  insulation  in  excess  PJ  at  60°C. 

Cell  Filling 

Degree  of  Void  Filling.  As  described  in  the 
Appendix,  when  insulation  lias  swollen  as  a result 
of  absorbing  the  mobile  fraction  of  a filling 
compound,  and  equilibrium  has  been  reached  to 
the  extent  that  the  plastic  in  the  matrix  has 
swollen  to  the  same  degree  throughout  the  thick- 
ness of  the  insulation,  then  the  inside  diameter 
of  the  insulation  will  have  Increased  by  the  same 
percentage  as  the  outside  diameter,  and  a gap  will 
have  opened  up  between  insulation  and  conductor. 

In  addition,  considering  a cross-section  of  -.ne 
insulation,  the  area  of  the  gas  cells  will  have 
Increased  by  the  same  percentage  as  the  percent- 
age Increase  in  the  cross-sectional  area  of  the 


insulation  as  a whole.  Others10  have  expressed 
the  degree  of  cell  filling  as  a percentage  of  the 
final  volume  of  the  gas  cells  after  swelling  is 
complete.  Here  we  shall  not  limit  ourselves  to 
the  volume  of  mobile  fraction  in  the  cells  alone. 
We  shall  Include  any  filling  material  under  the 
Insulation,  and  we  shall  express  the  degree  of 
void  filling  as  a percentage  of  the  sum  of  the 
final  volume  of  the  cells  and  the  volume  of  the 
gap  between  Insulation  and  conductor.  This  is 
done  because  of  the  Importance  to  mutual  capac- 
itance of  voids  iumediately  next  to  the  conduc- 
tors. It  may  very  well  be  important  to  know  what 
fraction  of  all  voids  have  been  filled,  not  just 
what  fraction  of  the  gas  cells. 

Using  the  above  definition  of  the  degree  of 
void  filling  and  starting  with  observed  insulation 
densities  and  diameters,  the  appropriate  formula 
in  the  Appendix  gives  the  following  estimates  of 
the  degree  of  void  filling  in  the  foam  MDPE  in- 
sulation in  samples  of  cable  A after  thirteen 
weeks  at  65°C:  18%  when  end  effects  are  not 

Involved,  and  29%  when  they  are.  (For  the  latter 
case,  an  estimate  of  27%  is  obtained  by  starting 
with  the  observed  increase  in  weight  rather  than 
density,  and  using  Equation  [2]  instead  of  [1].) 

The  Onset  of  Cell  Filling,  There  is 
considerable  evidence  that  cells  actually  begin 
to  fill  before  swelling  of  the  solid  matrix  is 
complete.  Considering  the  short  samples  of  cable 
A at  65°C,  for  example,  the  diameter  of  the 
insulation  continued  increasing  for  more  than  one 
week  after  the  oven  was  turned  on,  whereas  the 
mutual  capacitance,  after  its  initial  fall,  had 
started  increasing  again  before  the  oven  had  been 
on  for  a week.  In  addition,  after  one  week  the 
insulation  had  increased  in  weight  by  9%,  while 
the  appropriate  formula  In  the  Appendix  suggests 
that,  even  if  the  solid  matrix  was  already 
swollen  to  its  maximum  diameter  of  45.5  mils 
(1.156mm)  and  void  filling  was  zero,  the  insula- 
tion would  have  increased  in  weight  by  only  5.5%. 

With  respect  to  the  existence  of  a threshold 
temperature  below  which  no  cell  filling  can  oc- 
cur10, the  present  study  does  not  provide  a 
definite  answer;  however,  the  percentage  in- 
crease in  insulation  weight  for  samples  of  cable 
A reached  figures  in  the  twenties  for  both  55°C 
and  60°C  as  well  as  for  65°C,  though  of  course 
longer  periods  of  aging  were  involved  at  the 
first  two  temperatures.  This  observation  sug- 
gests that  no  true  threshold  exists;  cell  filling 
just  takes  longer  at  lower  temperatures. 

Availability  of  Mobile  Fraction.  The 
results  obtained  for  insulation  aged  in  an 
"unlimited"  supply  of  filling  compound  imply 
that  the  presence  of  a large  amount  of  filling 
compound  does  not  result  in  extra  cell  filling, 
at  least  for  foam  MDPE  in  PJ  at  temperatures  up 
to  65°C.  Nevertheless,  the  amount  of  mobile 
fraction  available  for  cell  filling  in  actual 
cables  is  still  of  interest.  In  few  cables  does 
the  ratio  of  the  volume  of  filling  compound  to 
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the  volume  of  insulation  exceed  two  by  a signifi- 
cant amount.  If  the  mobile  fraction  represents 
30  or  40%  of  the  filling  compound,  the  ratio  of 
the  volume  of  mobile  fraction  to  the  volume  of 
cells  in  the  insulation  will  also  be  little  more 
than  two  at  most.  Therefore,  in  order  for  the 
cells  in  the  insulation  to  become  entirely  filled 
as  the  cable  approaches  its  equilibrium  state,  at 
least  half  of  the  oil  in  the  filling  compound 
would  have  to  diffuse  from  the  filler  into  the 
insulation. 

Another  factor  is  well-known4.  As  temper- 
ature increases,  the  percentage  of  the  filling 
compound  that  is  "mobile"  will  normally  increase. 
For  example,  in  petroleum  jelly  more  waxes  will 
dissolve  in  the  oils  as  the  temperature  goes  up. 
But  when  the  chemical  nature  of  the  mobile 
fraction  changes  with  changes  in  temperature,  the 
qualitative  nature  of  the  aging  process  can  change, 
and  one  must  be  careful  drawing  conclusions  about 
behaviour  at  temperatures  that  are  different  from 
those  at  which  observations  are  made. 

Several  Mechanisms  that  Probably  Affect 
Aging.  When  a cellular  insulation  absorbs  filling 
compound  the  effective  volume  of  the  insulation 
increases  by  an  amount  that  is  greater  than  the 
volume  of  filling  compound  absorbed  unless  void 
filling  is  well  advanced.  This  is  a result  of 
the  increase  in  volume  of  the  gas  cells  and  the 
formation  of  a gap  under  the  insulation  proper  as 
the  plastic  matrix  swells.  According  to  the 
Appendix,  before  the  onset  of  void  filling  the 
volume  of  filling  compound  absorbed  by  the  in- 
sulation in  short  or  long  samples  of  cable  A 
would  be  just  42%  of  the  resulting  increase  in 
the  effective  volume  of  the  insulation,  where 
the  effective  volume  includes  the  gap  between 
the  insulation  proper  and  the  conductor.  (If 
for  some  reason  there  actually  was  a significant 
increase  in  the  density  of  the  polymer  upon 
absorption  of  filling  compound,  the  42%  ratio 
would  be  larger;  but  for  reasonable  estimates  of 
possible  density  changes,  the  ratio  remains  far 
less  than  100%.)  Thus  as  the  insulation  attempts 
to  absorb  the  mobile  fraction,  pressures  must 
build  up  in  the  core  except  possibly  near  the 
cable  ends  where  pressure  could  be  relieved  by 
movement  of  the  unabsorbed  filling  compound. 

In  addition,  gas  pressure  in  the  cells 
would  rise  as  the  temperature  of  the  insulation 
increases;  but  it  would  tend  to  drop  again  as  the 
insulation  swells  and  the  cells  expand.  The 
pressure  in  the  void  forming  between  each  con- 
i-.ior  and  its  insulation  would,  of  course,  tend 
to  be  very  low  until  a significant  amount  of  gas 
•rm  the  cells  diffuses  into  the  void  and/or  a 
'i«’f leant  amount  of  gas  (air)  diffuses  along 
the  conductor  from  one  end  of  the  cable  or  the 
♦*«er  ’reMoably,  any  movement  of  gas  in  or  out 
•*  >hw  cable  along  the  voids  next  to  the  con- 
- - e»ild  be  nest  significant  near  the  ends 

■a  • ant* 

i floor  how  the  above  mechanisms 


would  account  for  the  detailed  differences  in 
aging  between  short  and  long  cable  samples. 
Evidence  that  the  expansion  of  insulation  inside 
cable  cores  is  constrained  by  oome  mechanism  may 
readily  be  found  in  the  experimental  results:  at 
65°C  the  insulation  diameter  at  a point  well  re- 
moved from  the  ends  of  the  long  sample  of  cable  A 
was  considerably  less  than  the  diameter  observed 
in  short  samples,  and  at  60°C  the  insulation 
diameter  was  inferred  to  be  less  for  insulation 
in  short  cable  samples  than  for  insulation  on 
singles  aging  outside  the  confines  of  a cable 
sheath.  These  differences  in  diameter  may 
possibly  be  caused  by  the  different  pressures 
seen  by  the  insulation  as  it  starts  to  swell  in 
the  three  different  circumstances:  away  from  the 
end  of  a cable  the  pressure  on  the  outside  of  the 
insulation  will  be  high,  whereas  under  the  in- 
sulation the  pressure  will  be  very  low;  near  the 
end  of  a cable,  the  pressure  on  the  outside  of  the 
insulation  will  be  lower  than  at  a point  further 
removed  from  the  end,  while  the  pressure  under 
the  insulation  will  be  close  to  atmospheric 
pressure;  finally,  the  insulation  in  the  bath  of 
filling  compound  would  see  approximately  atmo- 
spheric pressure  on  both  sides.  With  respect  to 
the  process  of  cell  filling,  however,  the  con- 
sequences of  the  effects  discussed  in  this  section 
are  obscure. 


CONCLUSIONS 

End  effects  have  been  found  to  exist  when 
cable  insulated  with  cellular  medium  density 
polyethylene  and  filled  with  petroleum  jelly 
undergoes  accelerated  aging.  Thus,  results  based 
on  aging  samples  a few  meters  in  length  are  not 
necessarily  representative  of  the  behaviour  of 
longer  lengths;  the  aging  of  short  lengths  can  be 
more  severe. 

Little  attention  has  been  paid  in  the 
literature  to  the  influence  of  pressures 
generated  in  the  cable  core,  or  to  the  signif- 
icance of  the  void  that  forms  around  the  con- 
ductor. Both  factors  seem  to  be  important  to 
an  understanding  of  the  aging  process. 

Nothing  in  the  reported  results  should  be 
cause  for  alarm  with  respect  to  the  use  of  filled 
cable  with  cellular  medium  or  high  density  poly- 
ethylene insulation  in  buried  applications, 
though  of  course  this  investigation  does  not 
provide  positive  proof  of  the  suitability  of  the 
cable.  In  many  aerial  installations,  however, 
cable  temperatures  could  reach  55®C  for  extended 
periods  of  time10.  In  this  case,  the  laboratory 
aging  experiments  cannot  really  be  considered 
"accelerated"  tests.  The  fact  that  a cable  does 
not  degrade  significantly  when  it  is  kept  at  55°C 
for  35  weeks  does  not  give  the  author  confidence 
in  the  use  of  such  a cable  in  aerial  applications. 
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APPENDIX 

Isotropic  Expansion  in  Two  Dimensions 

Isotropic  expansion  in  the  plane  perpen- 
dicular to  the  axis  of  the  conductor  is  comnonly 
assumed10  when  cellular  insulation  absorbs  filling 
compound.  If  each  incremental  volume  of  solid 
polymer  in  the  matrix  of  the  insulation  absorbs 
oils  and  swells  to  the  same  extent  no  matter 
where  it  is  in  the  insulation,  and  if  the 
swelling  of  each  increment  occurs  without 
preference  for  one  direction  or  another  in  the 
perpendicular  plane,  swelling  of  the  cross- 
section  will  be  isotropic.  Every  dimension  in 
the  perpendicular  plane  will  be  scaled  upwards 
by  the  same  factor.  This  implies  that  the  ratio 
of  the  new  to  old  overall  diameters  of  the 
cellular  insulation  will  equal  the  ratio  of  the 
new  to  old  inside  diameters  which  will  equal  the 
ratio  of  the  new  to  old  radial  diameters  of  any 
particular  gas  cell . 

Obviously,  the  swelling  will  be  isotropic 
only  if  the  insulation  is  not  distorted  by 
external  Influences  during  expansion.  In 
particular,  we  shall  assume  that  other  in- 
sulated conductors  in  the  core  do  not  interfere 
significantly  with  the  expansion  of  the  in- 
sulation on  the  wire  being  analyzed. 

In  practice,  of  course,  the  mechanism  of 
absorption  may  possibly  leave  the  Insulation  in 
a stressed  state  where,  for  example,  the  ex- 
pansion of  the  Insulation  may  be  greater  near 
its  outer  surface  than  near  the  conductor,  or  the 
expanded  insulation  may  be  badly  distorted  by 
interference  from  neighbouring  wires.  Thus  the 
following  formulas  based  on  isotropic  expansion 
in  two  dimensions  should  be  used  with  circumspec- 
tion. 

Formulas  Pertinent  to  Aged  Insulation 

Notation  and  Definitions. 

a, a'  * cross-sectional  area  of  void  between 
insulation  and  conductor  (before  and 
after  swelling,  respectively). 

A1  « cross-sectional  area  of  Insulation, 
excluding  area  of  void  under  in- 
sulation proper  (after  swelling). 

d * diameter  of  conductor. 

D,D'  » diameter  over  insulation  (before  and 
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after  swelling,  respectively). 

F « ratio  of  volume  of  gas  cells  to 
total  volume  of  Insulation  (before 
swelling). 

R * density  of  Insulation  (before 
swelling). 

R'  * effective  density  of  Insulation 
(after  swelling),  I.e.  effective 
Insulation  weight  per  unit  length, 
where  effective  weight  Includes  the 
weight  of  any  mobile  fraction  between 
conductor  and  Insulation  proper, 
divided  by  effective  Insulation 
volume  per  unit  length,  where 
effective  volume  includes  the  void 
under  the  insulation  proper. 

V * ratio  of  the  volume  of  mobile 
fraction  in  all  voids  to  the 
total  volume  of  all  voids. 

W = weight  of  insulation  per  unit  length 
(before  swelling). 

W'  » effective  weight  of  insulation  per 
unit  length  including  weight  of 
any  mobile  fraction  under  insulation 
proper  (after  swelling). 

of,p^  = density  of  filling  compound  between 
Insulated  conductors  (before  and 
after  swelling,  respectively). 

p = density  of  mobile  fraction  found 
In  voids. 

p ,p'  * density  of  solid  plastic  that  forms 
p p the  matrix  in  the  cellular  in- 
sulation (before  and  after  swelling, 
respectively) . 

The  effective  density  R'  and  the 
effective  weight  per  unit  length  W of 
aged  Insulation  are  defined  above  In  such 
a way  that  they  represent  the  quantities 
which  are  actually  determined  In  the  lab. 

Throughout  the  derivation  of  the  formulas 
In  the  next  section  It  Is  assumed  that  a=o, 

I.e.  that  there  Is  no  void  next  to  the 
conductor  In  the  unaged  state. 


f 2 D'/D 
c 2 a'/A'  * 

x = R'/R 
y 2 W'/W 

Z ^ pP/pP 


1-(1/f)2 


All  diameters  must  be  expressed  In  the  same 
units.  Similar  statements  apply  to  weights,  etc. 
Otherwise,  units  are  of  little  concern. 

Formulas.  The  percentage  of  the  volume 
of  the  voids  that  Is  filled  with  mobile  fraction 
Is  given  by 

V - 100  (Pp/pJO-F)  ^1+c)x_-.fj  *,  [i] 
or  by  V = 100  (pn/pm)(l-F)  Ry/f2)-?!  %.  [a] 


(If  one  ignores  the  existence  of  the  void 
between  the  Insulation  proper  and  the  con- 
ductor, that  is  if  one  sets  c=o,  then  equation 
[l]  reduces  to  the  formula  presented  In 
Appendix  4 of  reference10.) 

If  the  Insulation  expands  on  aging,  but 
void  filling  has  not  yet  begun,  then 


This  formula  may  be  used  to  calculate  the 
weight  uptake  that  would  be  expected  for  a given 
change  In  Insulation  diameter  if  there  has  been 
no  void  filling. 

When  the  insulation  is  beginning  to 
expand  and  void  filling  is  not  yet  signifi- 
cant, one  may  use  the  following  formula  to 
estimate  the  ratio,  which  we  shall  call  'V', 
of  the  volume  of  filling  compound  absorbed  by 
the  insulation  to  the  increase  in  effective 
volume  of  the  Insulation: 


Y=  100(pp/pf)(l-F)  (?fMj  *.  [4] 

(In  deriving  this  relation,  It  was  assumed 
that,  at  least  approximately,  p^p^.) 

When  these  formulas  were  used  In  practice 
for  cable  with  foam  HOPE  Insulation  and  PJ 
filling  compound,  the  assumption  was  made  that 
there  would  be  little  if  any  change  In  the 
density  of  the  polymer  as  It  swells,  and  Z was 
set  equal  to  unity.  This  assumption  was  made 
because  of  the  lack  of  conclusive  evidence 
otherwise.  (One  reference10  suggests  the 
figure  1.025  for  the  same  type  of  materials, 
but  It  does  not  Indicate  the  type  of  measure- 
ments that  led  to  the  number.  On  the  basis  of 
a limited  amount  of  testing  using  wire  In- 
sulated with  solid  MDPE , it  appeared  that  Z 
should  be  closer  to  one;  It  Is  not  clear, 
however,  that  plastic  forming  the  matrix  In  a 
cellular  Insulation  should  be  expected  to 
behave  In  the  same  way  as  plastic  In  solid 
Insulation.)  Finally,  in  using  the  formulas  it 
was  also  assumed  that  pm*pf  at  least 
approximately. 
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Change  In  Mutual  Capacitance  {%)  Change  in  Mutual  Capacitance  (*) 


Fig.  1.  Percentage  Change  in  Mutual  Capacitance  as  a Function  of  Time 
for  Long  and  Short  Samples  of  Cable  A at  65°C. 


Change  in  Mutual  Capacitance  (%)  Change  in  Mutual  Capacitance  (%) 


Time  (weeks) 

Fig.  3.  Percentage  Change  in  Mutual  Capacitance  as  a Function  of  Time 
for  Short  Samples  of  Cable  B. 
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Change  In  Density  of  Insulation  (%)  Change  in  Weight  of  Insulation  (%) 
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insulation  in  cable 

insulation  exposed  to 
excess  filling  compound 


Time  (weeks) 

Percentage  Change  in  Density  of  Insulation  as  a Function  of  Time 
for  Short  Samples  of  Cable  A,  and  for  Singles  from  Cable  A in 
Excess  Filling  Compound,  at  650C. 


Change  in  Density  of  Insulation  (S) 


O — insulation  in  cable 

□ insulation  exposed  to 
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Time  (weeks) 

Fig.  11.  Percentage  Change  in  Density  of  Insulation  as  a Function  of  Time 
for  Short  Samples  of  Cable  A,  and  for  Singles  from  Cable  A in 
Excess  Filling  Compound,  at  55°C. 
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Fig.  12.  Average  Outside  Diameter  of  Insulation  as  a Function  of  Time 
for  Short  Samples  of  Cable  A at  658C. 


Christopher  K.  Eoll  was  born  in  Port 
Arthur,  Ont.,  Canada  in  1940.  He  received 
a B.  Sc.  degree  in  physics  and  an  M.  Sc. 
degree  in  theoretical  physics  from  Queen's 
University,  Kingston,  Ont.,  Canada  in  1962 
and  1964,  respectively.  Then  in  1967  he 
was  granted  a Ph.D.  degree  in  mathematical 
physics  by  the  University  of  Toronto, 

Toronto,  Ont.,  Canada.  Subsequently,  he 
spent  two  years  as  a Postdoctoral  Fellow 
at  the  University  of  Sussex,  Brighton, 

England  and  the  International  Centre  for 
Theoretical  Physics,  Trieste,  Italy. 

From  1969  to  1977  he  was  employed  by 
Canada  Wire  and  Cable  Ltd.,  where  his  final 
position  was  Product  Development  Manager 
for  the  Communication  Products  Div.  At 
present,  he  is  the  Technical  Director  of 
Superior  Cable  Corp.,  P.  0.  Box  489,  Hickory, 
N.  C.  28601,  U.S.A. 


INSULATION  BY  POWDER  AND  FIBERS  DEPOSITION  GIVING 
WATER  BLOCKED  TELEPHONE  CABLES 
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Abstract  - The  technique  presented  provides  water 
blockage  along  underground  telephone  cables  the 
jacket  of  which  has  been  accidentally  damaged.The 
insulation  consists  in  a thin  layer  of  expanded  po- 
lyethylene in  which  cellulose  fibers  are  embedded. 
The  raw  material  of  paper  insulated  cables  and 
plastic  insulated  cables  are  thus  simultaneously 
used.  This  permits  to  obtain  at  the  same  time  the 
advantages  of  both  technologies  without  the  incon- 
veniencies  of  either  one.  For  instance  detection 
and  location  of  possible  defects  in  jacket,  steady 
electric  properties,  reduced  capacitance  unbalan- 
ces, easy  splicing,  high  capacity  to  resisting  me- 
chanical stress.  Towards  the  end  of  1976,  the 
Swiss  Administration  of  PTT  decided  to  progres- 
sively Introduce  cables  made  in  accordance  with 
this  process  in  its  network. 


I.  INTRODUCTION 

The  insulation  of  telephone  wire  serves  several 
purposes.  In  particular  it  has  to  : 

(i)  act  as  a dielectric  between  the  conductors  ; 

(ii)  serve  as  a mechanical  separator  between 
the  wires  in  order  to  maintain  the  required 
distance  between  them  ; 

(iii)  preserve  the  shape  of  twisted  pairs  or 
quads  which  has  to  be  perfectly  constant 
and  regular  along  the  complete  length  of 
the  cable. 

When  these  points  are  correctly  worked  out, 
and  provided  that  all  the  conductors  are  of  the 
same  type,  namely  present  equal  resistances  per 
unit  length,  the  cable  constitutes  a balanced  trans- 
mission line.  The  capacitances  of  one  conductor 
against  others  are  balanced  and  the  crosstalk  is 
theoretically  zero. 

A telephone  cable  must  not  only  satisfy  such  e- 
lectrical  requirements.  Other  aspects  are  equally 
important,  to  ensure  that  it  can  be  laid,  installed 
and  used  under  the  best  possible  conditions,  with 
assured  reliability.  These  aspects  are  its  mecha- 
nical strength,  lightness,  flexibility,  the  ease 
with  which  splicing  can  be  carried  out  ( especially 
using  automatic  machines  ),  its  resistance  to  dif- 


ferent external  agents,  such  as  corrosive  environ- 
ments, rodents,  etc.  and  the  ease  with  which  re- 
pairs can  be  carried  out,  following  accidental  da- 
mage. 


II.  THE  WATER  PROBLEM 

A critical  situation  occurs  in  case  the  cover 
has  been  accidentally  pierced,  allowing  water  to 
enter  the  cable.  With  cables  having  air  core  plas- 
tic insulation,  it  is  possible  for  the  water  to  be 
propagated  along  the  wires  over  great  distances, 
even  several  kilometres,  before  the  fault  is  detec- 
ted. The  DC  voltage  used  for  the  bell  circuit  can 
then  create,  through  porosity  in  the  insulation  a 
DC  current  which  will  lead  to  electrolytic  erosion 
of  the  conductors,  and  finally  their  rupture.  Even 
where  the  conductors  are  not  broken,  variations 
in  capacitance  and  the  appearance  of  capacitance 
unbalances  due  to  the  presence  of  water  will  ad- 
versely affect  the  operation  of  the  cable. 

In  any  case,  a great  length  of  cable  would  have 
to  be  replaced. 

With  a cable  whose  characteristics  would  allow 
both  to  quickly  detect  the  fault  and  to  prevent  pro- 
pagation of  water,  a few  meters  of  cable  only 
would  have  to  be  replaced. 


III.  CURRENT  STATE  OF  TECHNOLOGY 

For  many  years,  all  telephone  cables  have 
been  insulated  using  dry  paper.  This  type  of  insu- 
lation provides  in  itself  a rapid  indication  of  wa- 
ter penetration  by  immediate  reduction  of  the  insu- 
lation resistance.  The  water  propagation  is  stop- 
ped by  the  swelling  of  the  paper,  which  is  highly 
absorbent. 

So  the  water  problem  begins  with  the  outset  of 
the  plastic  insulation  technology.  To  counter  the 
disadvantage  of  water  penetration  along  plastic- 
insulated  cables,  different  solutions  are  proposed. 
But  no  one  gives  complete  satisfaction,  as  demons- 
trated be  the  great  number  of  patents  published  e- 
very  year  on  this  subject.  These  solutions  can  be 


classified  into  four  categories,  briefly  described 
below  with  their  advantages  and  disadvantages. 

(i)  The  cable  can  be  internally  gas -pressurized. 
This  solution  is  a costly  one  which  may  only  be 
used  for  large  cables.  Localisation  of  the  defect 

is  laborious,  its  presence  only  is  readily  detecta- 
ble. Should  the  pressurization  system  fail,  water 
will  enter  the  cable  via  small,  unrepaired  faults 
which  may  even  have  remained  undetected. 

(ii)  The  empty  spaces  in  the  cable  can  be  filled 
with  an  expanded  polyester  of  the  closed  pore  type. 
The  entry  of  water  into  the  cable  is  completely  pre- 
vented only  if  the  filling  is  complete.  Now  it  is  dif- 
ficult to  archieve  complete  filling  of  large  cables. 
The  cable  presents  a considerable  reduction  in 
flexibility.  It  is  not  easy  to  remove  the  polyester 
from  the  wires  for  splicing  operations. 

(iii)  Instead  of  polyester  a viscous  fluid  non- 
soluble in  water  can  be  used.  The  most  famous 
example  is  petroleum  jelly.  As  with  polyester, the 
filling  of  large  cables  is  problematic.  The  permi- 
tivity  of  the  filler  increases  the  capacitance  of 
the  circuits,  so  that  it  becomes  necessary  to  in- 
crease the  diameter  of  the  cable  in  order  to  main- 
tain the  same  attenuation  coefficient.  The  handling 
of  the  cable  for  splicing  operations  is  messy  and 
time  consuming.  It  is  difficult  to  find  a jelly  and 
an  expanded  plastic  insulant  which  are  mutually 
compatible. 

(iv)  The  cable  can  be  filled  with  material  that 
swells  when  wet,  usually  in  powder  form.  This 
method  is  safer  than  the  previous  ones,  because 
it  does' nt  need  a 1 00  % filling  ratio.  However 
there  remains  the  risk  of  uneven  distribution  of 
the  powder,  which  reduces  its  effectiveness,  and 
can  unfavourably  affect  the  direct  capacitances  of 
the  conductors  and  especially  the  capacitance  un- 
balances . 


IV.  NEW  TYPE  OF  INSULATION 

The  state  of  art  briefly  described  above  shows 
that  dry  paper  technology  retains  some  unique  va- 
luable features  compared  to  the  plastic  technolo- 
gy, which  offers  its  specific  advantages.  This  led 
a group  of  Swiss  Cableworks  to  launch  a research 
programm  in  order  to  find  an  insulation  for  tele- 
phone cables  combining  the  advantage  of  both  tech- 
nologies and  avoiding  the  inconveniences  of  either 
one.  The  basic  objectives  were  : 

- an  adequate  restraint  to  the  propagation  of 
water  along  the  cable,  due  to  a protection  built 
into  each  wire  separately 

- an  immediate  indication  of  the  accidental  en- 
try of  water  into  the  cable,  with  the  possibility  to 
rapidly  locate  the  fault 

- a low  permittivity 

- a physical  solidity  of  the  insulation  facilita- 
ting splicing  operation  and  allowing  direct  connec- 


tions to  a junction  box. 

Since  1 970  manufacturing  techniques  emplo- 
yed in  the  textile  industry  appeared  to  be  attrac- 
tive. In  1971,  a first  sample  of  wire  is  insulated. 
It 8 length  does  not  exceed  30  cm.  In  1973,  a first 
cable  of  ten  star  quads,  0.4  mm  Cu,  250  m length 
is  manufactured.  Its  properties  are  very  close  to 
the  specifications  of  the  Swiss  Administration  of 
PTT.  The  way  to  put  the  process  on  an  industrial 
production  level  is  open. 

The  solution  lay  in  creating  an  insulation  con- 
sisting of  a thin  layer  of  expanded  polyethylene, 
in  which  cellulose  fibers  are  embedded  ( Fig.  1 
and  2 ). 


Fig.  1 PEC  insulated  wire,  transverse  section 
Diameter  of  copper  : 0.  6 mm 


Fig.  2 PEC  insulated  wire,  longitudinal  section 
Diameter  of  copper  : 0.  6 mm 


The  polyethylene  layer  provides  good  mechanical 
strength  as  well  as  sufficient  dielectric  strength. 
The  fibers,  in  the  dry  state,  offer  adequate  insula- 
tion resistance.  On  the  other  hand,  should  water 
penetrate  the  outer  cover,  absorption  of  water  by 
the  fibers  greatly  reduces  the  insulation  resistan- 


Fig.  3 Diagramm  of  a production  unit 


ce  between  conductors,  giving  immediate  detection 
of  the  fault,  with  its  exact  location.  In  addition,  ab- 
sorption of  the  water  causes  the  fibers  to  swell, 
preventing  propagation  of  the  water  along  the  ca- 
ble. 

The  fibers  act  also  as  separators  between  the 
wires,  carefully  dimensioned  so  as  to  maintain 
them  at  a certain  separation  and  give  the  required 
capacitance.  Interweaving  of  the  fibers  maintains 
the  shape  of  the  quad,  facilitating  cabling  opera- 
tions by  preventing  the  appearance  of  capacitance 
unbalances  due  to  distortion  of  the  quad. 

This  new  type  of  insulation  has  been  called 
TELEFLOC,  and  will  be  termed  PEC  ( PolyEthy- 
lene -Cellulose  ) below. 

Fig.  4 Schema  of  the  powder  deposition  unit 


V.  PROCESS  OF  MANUFACTURE 

The  PEC  insulation  process  uses  powder  and 
fibers  deposition  techniques.  It  comprises  three 
phases  as  shown  on  figure  3.  One  production  unit 
insulates  simultaneously  four  parallel  wires,  as- 
sembled by  means  of  an  inline  SZ  quadder. 

(i)  The  bare  wire  is  introduced  in  the  machine 
through  an  input  capstan  ( a ) whose  speed  is  mo- 
nitored by  a force  transducer  ( b ).  It  then  rune 
through  a gas  preheater  ( c ) and  enters  the  powder 
deposition  unit  ( (d)  and  Fig.  4 ).  There  a polyethy- 
lene powder  is  carried  at  the  speed  of  the  wire  by 

a belt.  The  grains  of  the  powder  in  contact  with  the 
wire  melt  and  adhere  to  the  wire.  The  conditions 
of  the  thermic  exchange  are  such  that  a sole  layer 
of  grains  is  deposed.  At  the  output  of  the  powder 
deposition  unit  the  wire  presents  itself  as  shown 
schematically  in  figure  5. 

(ii)  The  layer  of  grains  is  then  melted  in  an 
oven  ( e ) in  order  to  become  a solid  and  regular 
layer  ( Fig.  6 ). 

(iii)  On  emergence  from  the  oven  the  wire  en- 
ters the  fibers  deposition  unit  ( f ).  This  consists 
( Fig.  7 ) of  two  grids  controlling  the  flow  of  the 
cellulose  fibers  between  the  electrodes.  The  vol- 
tage applied  between  the  electrodes  and  the  wire 


I hot  polyethylene 


copper 


Fig.  6 Melting  operation 


produces  around  the  wire  a highly  inhomogeneous 
electric  field  E . The  ratio  of  the  distance  of  the 
electrodes  to  the  diameter  of  the  wire  is  high 
enough  for  E to  present  immediately  around  the 
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VI.  ELECTRICAL  PROPERTIES 


wipe  a rotation  symmetry.  Each  fibre  becomes  an 
electric  moment  in  the  electric  field.  The  mini- 
mum energy  of  this  moment  corresponds  to  an  o- 
rientation  paralled  to  E.  Consequently  the  cellu- 
lose fibers  are  imbedded  radially  around  the  wire. 


Fig.  7 Schema  of  the  fibers  deposition  unit 


At  the  very  moment  of  the  impact,  the  difference 
of  the  speed  of  wire  and  fibers  causes  a pertur- 
bation on  the  surface  of  the  hot  polyethylene,  ge- 
nerating bubbles  in  the  poly  ethylene.  Thus  the 
process  of  expanding  is  purely  mechanical  and 
not  chemical  as  usual. 

At  this  state,  the  insulation  is  finished  ( Fig. 8), 
there  remains  to  cool  the  wire  by  an  air  stream. 

( cooling  section  : ( g ) on  Fig.  3 ). 

It  is  to  be  noticed  that  the  wire  hangs  freely 
between  the  input  (a)  and  ouput(h)  capstans.  The 
mechanical  tension  that  determines  the  vertical 
position  of  each  wire  in  the  machine  has  to  be  mo- 
nitored continuously  with  great  accuracy.  This  is 
why  each  wire  is  introduced  in  the  machine  by  an 
independant  capstan.  The  output  capstan  however 
is  the  same  for  the  four  wires. 


The  PEC  insulation  is  characterized  by  parti- 
cularly low  capacitance  unbalances,  which  is  due 
to  the  manufacturing  process. 

During  the  powder  deposition  the  polyethylene 
grains  adhere  equally  all  around  the  conductors. 
Similary  the  rotation  symmetry  of  the  electric 
field  produces  a perfectly  regular  fiber  deposit. 

On  condition  that  a powder  with  a constant  aver- 
age diameter  of  the  grains  and  fibers  with  cons- 
tant average  length  be  used,  one  obtains  a perfect 
centering  of  the  conductor  in  an  insulation  of  ri- 
gorously constant  thickness.  The  properties  re- 
quired for  the  fibers  and  the  powder  are  guaran- 
teed by  their  manufacturing  process. 

The  classical  problems  encountered  with  ex- 
truded insulation  ( variations  in  thickness  and 
eccentricity  ) are  totally  absent  in  PEC  insulation. 

More  over  the  interweaving  of  the  fiber:  be- 
longing to  adjacent  wires  confers  to  the  quad  a 
great  stability  of  shape. 

As  an  example,  the  capacitance  unbalances  in 
a sample  of  PEC  insulated  cables  are  compared  to 
the  capacitance  unbalances  in  a similar  paper  in- 
sulated sample  in  table  1 ( about  650  quads  distri- 
buted over  eight  cables  for  each  sample  0 Cu  = 

0.  6 mm  ). 

The  capacitance  unbalances  between  the  pairs 
of  two  adjacent  quads  are  called  kg  , kj),  k)i  , kjj  . 
The  capacitance  of  each  pair  is  called  Cn. 


k,  « C,t  ♦ C23  “ I C,3  ♦ C2t  ) 


*3  * ' c30  * 3 * 

The  F test  shows  that,  with  a confidence  level 
greater  than  0,  998,  the  dispersion  is  lower  in 
PEC  insulation  than  in  paper  insulation  as  far  as 
capacitance  unbalances  are  concerned.  The  most 
remarkable  figures  concern  k)  . These  are  the 
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result  of  the  specific  properties  mentioned  above. 


PEC  insulation 

Paper  insulation 

m 

(T 

m 

0 

k | pF  /Km 

8,  9 

52,  7 

12.  6 

106 

ej  , ej  pF /Km 

37,  7 

198 

-8.  8 

355 

kg-»  k)2  pF/Km 

-0,  7 

30,  6 

0.  4 

46,  7 

C n nF  /Km 

36,  6 

0,  71 

31,  8 

1,  13 

Table  1 : Comparison  of  typical  parameters  for 
0.  6 mm  Cu  cables. 

m = mean  value  O = standard  deviation 


The  attenuation  obtained  with  PEC  insulation  is 
very  similar  to  that  of  paper  cable  as  shown  in 
figure  10. 

dE^km 


VII.  WATER  BLOCKING 

The  comparison  of  the  water  blocking  effect 
shows  that  the  PEC  insulation  affords  a signifi- 
cantly better  protection  than  the  paper  insulation. 
The  longitudinal  permeability  to  water  has  been 
measured  using  direct  injection  of  water  through 
the  entire  surface  of  the  end  of  the  cable.  The 
pressure  corresponds  to  1 m of  water.  The  migra- 
tion of  water  has  been  monitored  by  two  methods. 
One  of  these  is  time  domain  reflectometry . The 
other  one  consists  in  pouring  water  simultaneously 
into  several  samples  of  different  length  cut  into 
the  same  cable  and  to  measure  the  time  needed  for 
the  water  to  travel  to  the  free  end.  Typical  results 
are  shown  in  figure  11. 

As  soon  as  the  water  enters  the  cable  the  insu- 
lation resistance  drops  by  several  orders  of  ma- 
gnitude allowing  immediate  detection  and  location 
of  the  defect. 


VIII.  THE  SITUATION  TODAY 

Since  1973  the  Swiss  Administration  of  PTT 
has  closely  examined  PEC  Insulated  cables.  In 
1975  a first  pilot  network  has  been  built  atRovray. 
It  consists  of  15  cable  lengths  whose  compositions 
range  between  1 and  100  quads. 

Towards  the  end  of  1976  this  Administration 
decided  to  progressively  introduce  this  cable  type 
in  its  network. 

A first  line  capable  of  insulating  simultaneous 
ly  four  wires  ( Fig.  3 ) of  different  colours  and  of 
assembling  them  into  one  quad  ( SZ  system  ) has 
been  in  operation  since  May  1977.  Its  performan- 
ce amounts  to  200  m/min.  of  35  nF/Km  -0.4  mm 
Cu  quad.  The  building  of  new  improved  machines 
is  in  course.  The  first  will  be  in  operation  at  the 
beginning  of  1979. 
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Summary 


2.2  Loss  Minimization  Design  Method  UKa 


This  paper  describes  technical  feasibilities  of  new 
symmetrical  star  quad  cable  used  for  subscriber  loops,  which 
will  meet  future  digitalization  of  local  networks.  Loss  mini- 
mization design  method,  required  crosstalk  characteristics, 
relation  between  star  quad  structure  and  crosstalk  characteri- 
stics, and  manufactured  cable  transmission  characteristics 
are  stated. 

1 Introduction 


Loss  minimization  design  is  a method  which  deter- 
mines wire  structure  minimizing  cable  loss,  when  distance 
between  wires  is  constant.  Figure  1 shows  this  concept. 

Symmetrical  star  quad  cable  loss  in  the  high  frequen- 
cy domain  is  expressed  as  follows: 


a = 


r_  r£,G_  rr 

2 V L 2 V C ~a"  + ac 


(Np/m), 


U) 


Outside  plant  for  local  network  has  been  originally 
constructed  for  telephone  service.  Recently,  demands  for 
digital  communication  services,  such  as  data  and  facsimile 
telecommunications,  as  well  as  telephone  service,  have  in- 
creased. 

Thus,  it  is  necessary  to  develop  a new  economical 
cable  with  excellent  transmission  characteristics  for  digital 
signal  transmission. 

In  the  high  frequency  domain,  such  as  in  digital 
signal  transmission,  there  is  an  optimum  ratio  of  distance 
between  wires  to  conductor  radius  to  minimize  symmetrical 
star  quad  cable  loss.  This  ratio  is  fairly  large,  compared  with 
ordinary  telephone  cables.  Based  on  these  results,  it  is  possible 
to  reduce  conductor  radius  and  cable  loss.  Moreover,  if  the 
crosstalk  characteristics  are  improved,  economical  cable  for 
digital  signal  transmission,  which  can  accommodate  systems 
using  all  the  pairs,  can  be  realized. 

New  local  cable  described  in  this  paper  is  a symmetri- 
cal star  quad  cable  which  aims  to  reduce  cable  cost  and  loss  by 
applying  loss  minimization  design  method  to  various  different 
conductor  radii,  and  by  insulating  conductors  thickly  by  highly 
expanded  polyethylene.  By  improving  crosstalk  characteristics, 
this  cable  makes  it  possible  for  all  the  pairs  to  accommodate 
digital  signals  transmission  systems  handling  various  kinds  of 
services. 

2 Designing  New  Symmetrical  Star  Quad  Cable 


R,  L,  G and  C are  primary  constants  of  the  cable. 
They  are  resistance  (0/m),  inductance  (H/m),  conductance 
(S/m)  and  capacitance  (F/m),  respectively.  Calculating  equa- 
tions of  primary  constants  for  the  cable  structure  shown  in 
Fig.  2 are  explained  in  Appendix  1 . Calculating  the  cable  loss, 
it  is  necessary  to  take  into  account  skin  effect”1  and  eddy- 
current  effect  in  another  pair  in  the  quad”’,  as  well  as  reaction 
effect  for  other  pairs”1  and  reaction  effect  of  the  metallic 
sheath141  in  high  frequency  domain. 

Leakage  loss  ac  in  Eq.  (1)  is  nearly  equal  to 
(a>/2)  tan  <SvVo£oCr  and  determined  only  by  insulator 
materials  independently  of  cable  structure  or  dimensions  when 
frequency  is  constant. 

Conductor  loss  can  be  expressed  as  the  following 
equation  from  Appendix  1. 


I 


IdS, a, 


C„  re,  re.  Re) 
' fie  ' r,  / 


(2) 


f.  is  a function  of  each  parameter  in  the  parentheses. 

When  metallic  cable  sheath  diameter  and  number  of 
pairs  accommodated  in  the  cable  are  given,  wire  dimensions 
minimizing  cable  loss  are  obtained  by  solving  the  following 
equations. 

dap  _ 

d(d/r ,) 


2. 1 Twisting  Structure 

This  paper  describes  symmetrical  star  quad  cable, 
which  takes  advantage  of  better  spatial  efficiency  than  paired 
cable. 


j nc  iiumcncai  resuits  or  relations  Detween  air,  and 
cable  loss  are  shown  in  Fig.  3 when  frequencies  are  varied. 

Since  dir,  gives  minimum  cable  loss  is  fairly  large, 
compared  with  ordinary  symmetrical  star  quad  cable,  it  is 
advisable  to  design  symmetrical  star  quad  cable  on  the  basis 
of  these  results  for  digital  signal  transmission.  Based  on  the  loss 
minimization  design,  low  loss  and  economical  symmetrical 
star  quad  cable  can  be  brought  to  realization. 
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The  cable  designed  on  the  basis  of  loss  minimiza- 
tion concept  is  temporarily  called  LM  cable.  Effect  of  this 
design  method  applied  to  existing  paper  insulated  star  quad 
cable  is  shown  in  Table  1. 

3 Designing  on  Signal  to  Crosstalk  Power  Ratio 

3. 1 Required  Signal  to  Crosstalk  Power  Ratio 

3.1.1  Noise  Power  at  Pulse  Detection  Point 

Noise  power  is  discussed  at  a pulse  detection  point 
affecting  pulse  error  rate  in  a model  of  pulse  equalizing  section 
shown  in  Fig.  4. 

The  expected  value  of  total  Gaussian  noise  power 
at  detection  point  <xc  is  given  by 


P(y) ~ STZ, 


y‘ 

e !»** 


(8) 


Then,  probability  density  function  of  crosstalk  noise  power 
lyl2  is  given  as  follows: 


Po,.(X)  = 


I 


(9) 


Be'  =<*,'+  <T»2 


(4) 
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( I ) Far-end  crosstalk  noise  power 

The  expected  value  of  far-end  crosstalk  noise  power 
at  detection  point  at1  is  expressed  as  follows: 

of2  = P(a>)\^(w)\2nF  kM  ///„)’  ( w/w,)2  da, 

zn  Jo 

= nfk,FV/lo)q  a to2  ( 10) 


where  ax2  is  the  expected  crosstalk  power  value  at  a pulse 
detection  point  and  at1  is  the  expected  thermal  noise  power 
value  and  equalizer  noise  at  a pulse  detection  point.  <x»2  is  as 
follows: 


<r»2=^-  KTF(o>)\£(w)\2dw 

•'o 


(5) 


where  K : Boltzmann’s  constant 

T : Absolute  temperature  CK) 

Pi  to)  : Noise  figure  for  equalizing  amplifier  circuit 
£■(»):  Transfer  function  for  equalizing  amplifier 
circuit. 

When  the  following  overall  transfer  function  of 
rational  function  is  used  for  wave  equalization, 151 


(«>) 


where  to  : 
M : 
an  : 
N : 
(oh  : 

£(«>)  is  given  by 


Angular  frequency 
Order  of  low  frequency  cutoff 
Low  angular  frequency  cutoff 
Order  of  low  frequency  cutoff 
High  frequency  cutoff. 


£<•)  = 


(7) 


where  L(t>)  is  transfer  function  of  cable.  Characteristics  of 
signal  to  thermal  noise  power  ratio  10  log  (r0/<r»)‘  are  shown 
in  Fig.  S.  r,  is  equalized  pulse  amplitude  at  a detection  point. 

The  required  signal  to  Gaussian  noise  power  ratio 
10  log  (r«/*e)2  is  32  dB,  as  mentioned  in  3.1.2.  In  case  of  low 
speed  PCM  signal  transmission  «.*  is  a negligible  order  for 
«»',  and  it  is  possible  to  take  into  account  only  crosstalk 
noise  power  as  Gaussian  noise  power. 

It  is  assumed  that  the  probability  density  function 
of  crosstalk  voltage  amplitude  y is  given  by  the  following 
equations. 


where 

P{o>)\ M/(<u)\1(<o/<oo)2  da, 
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*•  1 +2(2m- I )cos  <ooro-t-(2m-  1) 

G( to)  = -r-(l -e  >"»«■) 
ja> 

<uo  : Clock  angular  frequency  ( = 2ir/i) 
r0  : Pulse  repetition  period  ( = I //0) 

/ : Repeater  spacing  cable  length 
nr  : Disturbing  pair  number. 


In  Eq.  (10),  kxr  is  an  antilogarithm  of  signal  to 
far-end  crosstalk  power  ratio  at  clock  frequency  ft,  and  cable 
length  I,  and  q is  usually  equal  to  1 . The  probability  density 
function  of  kXF.  P,(x).  can  be  expressed  as  follows: 


( v > 0,  A£0) 


(13) 


where  T(v)  is  Gamma  function.  In  Eq.  (13),  if  we  put  v=  1/2, 
k = )/2ox2.Px(x)is  expressed  in  the  same  form  as  Eq.  (9). 

This  equation  gives  probability  density  tunction  of 
antilogarithm  of  signal  to  far-end  crosstalk  power  ratio  obtained 
when  the  induced  currents  of  the  disturbed  pairs  are  normally 
distributed  with  an  average  of  zero.  In  this  case,  the  standard 
deviation  for  k,r  in  dB  is  given  by 


«.„=  I0loge[r(y)]*  = 9.65  dB. 


(14) 


These  results  mean  that  the  assumption  of  Eq.  (9) 
is  valid,  when  standard  deviation  in  dB  is  9.65  dB. 

(2)  Near-end  crosstalk  noise  power 

The  expected  value  of  near-end  crosstalk  noise 
power  at  detection  point  an1  is  expressed  as  follows: 


177 


r 


as2=~-f  P(a>)  I 
2*  -'o  I 

= ns  kxyOso2 


H'(w) 

C(a>) 


n.sk, 


s( 

S (111,  ' 


(15) 


where 


„o.=j-  rP{u)  r (-5-Yrf..  (.6) 

2it  Jo  I Ha i)  I ' too  1 

In  Eq.  (15),  kxs  is  an  antilogarithm  of  signal  to  near-end  cross- 
talk power  ratio  at  clock  frequency  fa  p nearly  equals  3/2  in 
high  frequency  domain  and  2 in  low  frequency  domain. 

In  case  of  near-end  crosstalk,  the  phase  of  the 
induced  currents  of  the  disturbed  pairs  to  the  phase  of  the 
currents  of  disturbing  pairs  distribute  uniformly  between  0 
and  2ir.  Real  part  and  imaginary  part  of  the  induced  currents 
are  normally  distributed,  respectively.  This  is  the  case  where 
v-  I is  put  into  Eq.  (13),  and  the  standard  deviation  of  kxs 
in  dB  is  5.56  dB.  If  we  assume  that  the  induced  voltage 
(current)  distributes  normally  like  far-end  crosstalk,  we  can 
estimate  the  required  near-end  crosstalk  power  ratio  safer  from 
engineering  standpoint. 

3,1,2  Error  Rate  in  Bipolar  Pulse  Transmission 

We  assumed  that  crosstalk  noise  voltage  at  detection 
point  may  be  approximated  by  normal  distribution.  In  bipolar 
pulse  transmission,  error  probability  P.  per  repeater  spacing, 
which  takes  into  account  crosstalk  noise,  intersymbol 
interference  and  probability  of  mark  for  bipolar  pulse,  is 
given  as  follows: 171 


3.1.3  Required  Signal  to  Crosstalk  Power  Ratio 

Required  signal  to  crosstalk  power  ratio  at  detection 
point  10  log(fo/<r,)'  is  30  dB  for  allowable  error  rate  10  * in 
equalized  section  and  intersymbol  interference  30%  from  Fig.  6. 
However,  in  actual  subscriber  loops,  it  is  necessary  to  take  into 
account  induced  noise  and  impulsive  noise  as  well  as  crosstalk 
noise.  Then,  if  we  add  2 dB  to  signal  to  crosstalk  power  ratio 
as  the  margin,  the  required  signal  to  crosstalk  power  ratio  at 
detection  point  is  given  as  follows: 


10  log  (r./<r„)’  = 30  + 2 = 32  dB. 


(19) 


When  there  exist  simultaneously  both  far-end  cross- 
talk power  and  near-end  crosstalk  power  in  the  transmission 
line,  total  crosstalk  noise  power  ox2  for  repeater  spacing  / is 
given  as  follows: 


Ox1  ni  kxrffio1  + n skxsoso2. 


(20) 


Since  we  can  obtain  <r»7  from  the  required  10  log  (ro/o,)1  for 
allowable  error  rate  from  Fig.  6,  we  can  calculate  required 
kxr  and  kxs  for  designated  r*. 

In  case  that  near-end  crosstalk  power  is  negligible, 
the  required  signal  to  multiple  far-end  crosstalk  power  ratio 
•V«f  for  repeater  spacing  is  given  by 


Xur  - 32-  10  log  ( r°  V=  32-14=  18  (dB). 

' axn  ’ 


(21) 


When  far-end  crosstalk  power  is  negligible,  the 
required  multiple  near-end  crosstalk  power  ratio  Xus  is  given 


where 


m : Probability  of  mark  for  bipolar  pulse 
? : Threshold  level 

r0  : Equalized  pulse  amplitude  at  detection  point 
Ti  : Absolute  value  of  worst  intersymbol  inter- 
ference at  detection  point 
♦(  f)  : Normal  distribution  function  for  f 


*<r)=  /W  /-lexp(_T 


(18) 


Equalized  pulse  amplitude  at  detection  point  r , is 
obtained  from  Eq.  r(t)  shown  in  Appendix  2.  The  relation 
between  order  of  high  frequency  cutoff  N and  r«  is  shown 
in  Table  2.  The  desirable  order  of  high  frequency  cutoff  N is 
about  15,  from  the  hardware  viewpoint.  The  optimum  thresh- 
old level  exists  in  the  vicinity  of  0.5  r*'“  . It  is  safer  to  consider 
To  as  fi=  0.3 r.  for  engineering  the  repeater  line,  m is  about 
0.5,  using  scramblers1"  in  the  transmission  line. 

Under  the  above  conditions,  relations  between  signal 
to  crosstalk  power  ratio  10  log(r»/«»)’  and  error  rate  P.  are 
shown  in  Fig.  6. 


Xus  is  a function  of  cable  loss.  Relations  between 
cable  loss  at  clock  frequency  /.  and  .Vw.  Xus  are  shown  in 
Fig.  7. 

3,2  Relation  between  Star  Quad  Structure  and  Crosstalk 
Characteristics 

Excellent  crosstalk  characteristics  are  required  for  the 
new  symmetrical  star  quad  cable  to  accommodate  transmission 
systems  for  all  pairs.  The  relation  between  quad  structure  and 
near-end  crosstalk  characteristics  within  the  quad  are  described 
in  this  section. 

3.2.1  Random  Variation  in  Pittance  between  Conductors 

Random  variation  in  distance  between  conductors, 
due  to  conductor  eccentricity  in  insulated  wire  and  insulator 
distortion,  causes  crosstalk  increase  within  quad.  The  influence 
of  this  random  variation  on  near-end  crosstalk  power  ratio 
within  quad  is  considered. 

In  the  crosstalk  coupling  model  shown  in  Fig.  8, 
near-end  crosstalk  power  ratio  - 10  log  Ks.  is  expressed  as  follows, 
when  coupling  coefficient  iskrCOat  arbitrary  position  x"m 


by  the  following  equation 

(17) 

•V*«=32-IOIog('~y. 
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3.2.2  Periodic  Wire  Structure  Variation 


Let  us  discuss  the  crosstalk  characteritics  when  four 
conductors  are  eccentric  in  the  insulator. 

It  is  assumed  that  the  conductors  are  at  distance 
f from  the  insulator  center,  and  rotate  about  the  center  with 
period  p by  quad  twisting,  where  the  insulator  centers  always 
locate  at  the  verteces  of  the  square.  As  shown  in  Fig.  10,  for 
this  case,  distance  between  adjacent  conductors  du  is  given  by 
the  following: 


where 


kc( x)  kc{x  + S)  dx 


4/2  (R,  jcos  (px+  -3 
)}  sin -*^-+4*/ 


kc‘  : Mean  square  value  of  kc(x) 
v : Propagation  velocity  in  cable 
Zo  : Characteristic  impedance. 

It  is  possible  to  estimate  near-end  crosstalk  power  ratio 
- 1 0 log  Kn  by  calculating  k*  and  <P ( 2a>/v). 

Generally,  coupling  coefficient  kc(x)  consists  of 
capacitive  coupling  and  magnetic  coupling.  Since  the  latter  is 
negligible  at  low  frequency,  only  the  capacitive  coupling  is 
discussed.  Let  distance  between  conductors  at  x be  d,i(x), 
</»( x ).</»(.' r ).d, i <.<•).  as  shown  in  Fig.  9.  Coupling  coefficient 
*c(.v)is  approximately  given  by  the  following  euqation 


where  fl,  : Insulator  radius 
<P>.  <Pj  : Initial  phase. 


From  Eqs.  (23),  (24),  (25),  (26)  and  (28),  it  is  possible  to 
estimate  the  relation  between  twisting  period  p and  near-end 
crosstalk  power  ratio.  Figure  1 1 shows  degradation  value  of 
near-end  crosstalk  power  ratio  due  to  p from  the  near-end 
crosstalk  power  ratio  for  the  case  of  p = 0.1  mm  and  £=  0.01 
mm.  When  the  wire  backtwisting  rate  is  100%,  period  p be- 
comes equal  to  quad  twisting  physical  pitch.  Therefore,  it  is 
advisable  to  select  a shorter  quad  twisting  pitch  to  improve 
near-end  crosstalk  power  ratio  within  quad. 


da(x) 


where  d,Ax)  = da(x) 

UJ=  I.  2,  3.  4) 
f : constant. 

It  is  assumed  that  doix)  distributes  normally  along  the  cable 
length.  Then,  probability  density  function  P{da)  is  given  as 
follows: 


4 New  Symmetrical  Star  Quad  Cable  Transmission 
Characteristics 


To  confirm  the  loss  minimization  design  method 
experimentally,  cables  were  manufactured  in  which  the  con- 
ductor radius  was  varied  from  0.32  mm  to  0.65  mm,  while 
distance  between  wires  d remained  constant  (1.77  mm).  Cal- 
culated and  measured  values  are  shown  in  Fig.  3.  Figure  3 shows 
that  there  is  an  optimum  ratio  of  distance  between  wires  to 
conductor  radius  to  minimize  symmetrical  star  quad  cable  loss. 

Based  on  these  results,  two  kinds  of  cables,  A and  B 
shown  in  Fig.  12  and  Table  4,  were  manufactured. 

Measured  cable  loss,  characteristics  impedance  and 
crosstalk  power  ratio  results  are  shown  in  Table  5,  Fig.  13  and 
Fig.  14,  respectively. 


where  do  : Average  d,j  value 
«*o  : Standard  deviation. 


do(x ) can  be  estimated  by  computer  simulation, 
using  normal  random  numbers  with  average  value  do  and  standard 
deviation  aoo. 

Applying  this  rf.(jr)  to  Eqs.  (26)  and  (25),  kZ  and 
(Pilatlv)  can  be  estimated. 

Based  on  this  procedure,  near  end  crosstalk  power 
ratio  dependency  on  variation  of  distance  between  conductors 
is  discussed.  Table  3 shows  k*.  0(2 w/r)  and  -10  log  KN 
calculated  by  the  procedure  mentioned  above,  when  do  is 
1 .25  mm  and  ooo  is  varied.  The  allowable  variation  in  distance 
between  conductors  for  required  .tear-end  crosstalk  power 
ratio  can  be  estimated  from  Table  3. 


5 Application  of  New  Symmetrical  Star  Quad  Cable 


Summarizing  the  foregoing  studies,  a survey  is  pre- 
sented of  the  new  symmetrical  star  quad  cable  application  to 
digital  signal  transmission. 

Maximum  repeater  spacing  of  unit  shielded  cable  A 
and  nonshielded  cable  B,  when  accommodating  transmission 
systems  for  all  pairs,  are  shown  in  Fig.  1 5. 

For  cable  A,  repeater  spacing  is  determined  by  only 
repeater  gain.  In  case  of  repeater  gain  90  dB  at  /.  the  crosstalk 
power  ratio  leaves  a margin  at  less  than  20  MHz  clock  frequency. 


For  example  repeater  spacing  for  l.S  MHz  clock  frequency 
bipolar  pulse  transmission  becomes  6 km.  In  nonshielded 
cable  B,  near-end  crosstalk  power  ratio  limits  the  repeater 
spacing.  The  allowable  cable  loss  for  the  bipolar  pulse  trans- 
mission of  200  kHz  clock  frequency  is  67  dB  and  repeater 
spacing  is  about  7 km. 

6 Conclusion 

This  paper  described  design  concept  and  engineering 
method  of  new  symmetrical  star  quad  cable  for  future  digital 
subscriber  loops. 

Loss  minimization  concept  was  experimentally 
confirmed,  required  crosstalk  characteristics  for  allowable 
error  rate  were  clarified  and  dependency  of  near-end  crosstalk 
within  quad  on  variation  of  distance  between  conductors  and 
quad  twisting  pitch  was  estimated.  Furthermore,  transmission 
characteristics  of  manufactured  cable  were  obtained.  Based 
on  these  results  admissible  clock  frequency  for  6 km  repeater 
spacing  is  considered  to  be  about  1 .5  Mb/s  for  one  way  trans- 
mission within  a shielded  unit.  For  10  km  repeater  spacing, 
the  admissible  clock  frequency  is  considered  to  be  about  64 
Kb/s  for  two  way  all  circuits  accommodation  transmission. 
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Appendix  1 

Equations  for  Primary  and  Secondary  Constants 

Calculating  the  primary  constants,  it  is  necessary  to 
take  into  account  (i)  skin  effect,  (ii)  proximity  effect  (eddy- 
current  effect  in  another  pair  in  the  quad),  (iii)  eddy-current 
effect  in  the  quad,  (iv)  reaction  effect  for  other  pairs,  and 
(v)  reaction  effect  of  the  metallic  sheath.  The  following  equa- 
tions are  used  to  calculate  R,  L,  G and  C. 

(i)  Skin  effect 

Resistance  R,- — ^ — /7*>  (O/m)  (A  1-1) 

Oi 

Inductance  L,=  ^ ■f{u  (H/m)  (Al-2) 

(ii)  Proximity  effect  (eddy-current  effect  in  another  pair 
in  the  quad) 

Resistance  R „ = — j-  •/.'*’  (O/m)  (Al-3) 

n<ti  a 

Inductance  L,  = - )’ •/,‘°  (H/m)  (AM) 

(iii)  Eddy-current  effect  in  the  quad 

Resistance  Rn,  = — — — •4/,"’  (D/m)  (Al-5) 

T(  (J  i fl 

Inductance  L„  = - ~ ) -4/,,<0  (H/m)  (Al-6) 

(iv)  Reaction  effect  of  other  pairs 

Resistance  R.~  £ — ^ ft* ■ F.  (O/m)  (Al-7) 

nr,  a. 

Inductance  L,  = 2 ( — ^ •/«,u-  F«)  (H/m)  (Al-8) 

(v)  Reaction  effect  of  the  metallic  sheath  (in  case  of  thin 
metallic  sheath) 

Resistance  R»=  — F»  (O/m)  (Al-9) 

K6i  t 

Inductance  L„=-~-Fh  (H/m)  (Al-10) 

Outer  inductance 

L,  = • In  — (H/m)  (Al-ll) 

in  r, 

where 


180 


r 


Ti 

d 

C, 

I 

Mo 

Mi 

01 

2 


Wire  conductor  radius  (m) 
Distance  between  wires  (m) 
Distance  between  other  quads  (m) 
Cable  sheath  thickness  (m) 

Free  space  permeability  (H/m) 
Conductor  permeability  (H/m) 
Conductor  conductivity  (S/m) 
Reaction  effects  summation 


/?*>  = *. 


1 +j 

2 Si 


//°  = R.  - 


/.,<n  = R.  - 


R.  - 


a, 

Jo( 

1 ±1 
Si 

•")  1 

(l+y')r< 

J'( 

1+1 

Si 

•r,)  | 

l±l.r 

J'( 

1 +/ 
s. 

— ! 

Si  " 

Jo( 

1+7 

s, 

")  ’ 

A(Jir'r-) 


(A  1-12) 


(A  I -13) 


(A  1 -14) 


(A  M 5) 


where 


K.  : Real  part 

S,  : Conductor  skin  depth  (m) 

Jo.  Ji.  Ji  : Bessel’s  functions  of  zero,  first  and  second  order 
Fe  : Reaction  coefficient  for  other  pairs 


/ d \* 

F.  = 4mr/-(j) 


«+({)'  1 

[cHirr 


(AI-16) 


m : m = 1 when  other  pair  is  pair  type, 
m = 2 when  other  pair  is  quad  type. 

F»,  F„‘  : Reaction  coefficient  of  metallic  sheath. 


Fo  = 

FV  = 


ReiRc'  + re‘)d’ 
2(Rc>- /•<»)> 

Red* 

2(Rc’-rc‘)’ 


(Al-17) 

(Al-18) 


Rc  : Distance  from  cable  center  to  metallic  sheath  (m) 
rc  : Distance  from  cable  center  to  pair  or  quad  (m) 


From  these  results,  primary  constants  are  given  as 


follow: 


Resistance  R = 2(Ri+R>,+  R.+R.)  (O/m) 

(AI-19) 

Inductance  L = 2(t.+  L,+  L.  + L..+L,+  L>)  (H/m) 

(A  I -20) 

Conductance  G=«Ctan4  (S/m)  (Al-21) 


Capacitance  C = 


ln  A-./IlV-VF  (d/Rc)1 

r,  5W  ) 2F'  (I  —(re/Re),)t 

(Al-22) 


co  : Free  space  permittivity  (F/m) 
tr  : Effective  dielectric  constant  ratio 
Propagation  constant  y and  characteristic  impedance 
Z0  are  given  by 


y—  J (R  + ja>L){  G+ jaC) 

~ M+jfi 

Zo=  y<R+>t)/(c+>o 


(Al-23) 


(A  1-24) 


where  y : Propagation  constant 

a : Attenuation  constant  (Np/m) 

/9  : Phase  constant  (rad/m) 

Zo  : Characteristic  impedance 

Appendix  2 

Equalized  Pulse  r(t)  Calculation  Equation1” 

The  Laplace  transform  Sip)  of  the  rectangular  trans- 
mitted pulse  s(t)  with  an  amplitude  of  I and  a duty  factor  of 
1/2,  is  given  by 


Sip)  = (I  - exp  ( — rop/2)]/p. 


(A21) 


Accordingly,  the  received  equalized  pulse  r(t)  can  be 
obtained  by  the  inverse  Laplace  transform  of  IF(p)  ■ S(p). 

yit)  = 0 (f<0) 

= 2 (-!)*- (^“,')A.(/)  (0<f<  r./2) 

= 2 ( - 1)*-'  )<M0-  Mr-  r./2)l 

(/>  r,/2)  (A2-2) 

where 


OJH 

O'”) 

\ CUH  / 

(a>t-a»w)*f* 

s! 

(tt)w-  au)*t* 
s! 


A-  I / 

2( 

«-0  \ 

] (t>0) 


/k+N-s-2 


k- 1 


) 


A»(r)  = 0 (»<0) 

where 

(t)  = *C-=  u’lg-M)!  ■ 


(A2-3) 
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i loss  Lowest  loss  Higi 

Fig.  1 Loss  minimization  design  concept. 
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Fig.  3 o dependency  on  d/r, 


Detector 
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Fig.  2 Symmetrical  star  quad  cable  section 


Pulse  equalizing  section  — 

1 ^(<u) 

Fig.  4 Pulse  equalizing  section  model 


Table  1.  Comparison  of  Hxisting  Local  Cable  and  LM  Cable 


Cable 


Local  Paper 
Insulated  Cable 
Conductor 
diameter 
0.5  mm 


LM  Cable 
Conductor 
diameter 
0.4  mm 


Cable  Loss  (dB/km) 

Characteristic  Impedance 

<m 

1.5  kHz 

772  kHz 

1.5  kHz 

772  kHz 

1.8 

22.9 

611 

106 

1.9 

20.4 

1030 

130 

Pulse  i 

Transmis- 

Equalizing 

generator  ] 

sion  line 

amplifier 

'I 1 1 1 1 

20  40  60  80  100 

Cable  Loss  at  fo  (dB) 


Fig.  5 Signal  to  thermal  noise  power  ratio 
characteristics. 


Fig.  7 Required  multiple  crosstalk  power  ratio. 


Table  2.  r„  due  to  iV 


N 

r0 

Note 

15 

20 

25 



0.0443  V 

0.387 

0.348 

high  frequency 
cutoff 

1.452/* 

/V  order  of  high  frequency  cut-off 
ra  : equalized  pulse  amplitude 
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Fig.  8 Near-end  crosstalk  path  model. 


Fig.  9 Star  quad  structure  model. 
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Table  3.  Near-end  Crosstalk  Power  Ratio  due  to  Random 
Variation  in  Distance  between  Conductors 


3 (mm) 

Od  ( mm ) 

1 0 log  kc’ 
(dB) 

1 0 log 
#(2<v/p) 
(dB) 

10  log 
kxn 

(dB) 

1.25 

0.01 

-24S.8 

4.5 

113.7 

0.04 

-233.7 

4.6 

101.8 

0.1 

-225.6 

4.7 

93.5 

0.2 

-218.7 

4.6 

86.9 

Fig.  10  Periodic  deviation  model  for  conductor 
position  in  insulated  wire. 
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Copper  tape  (0.05  mm  thick) 
Polyethylene  tape 
Polyester  tape 

p.e.f.  insulator  (expansion  30%) 
Conductor 

Interstitial  polyethylene  string 


14  quad  unit  structure 
Cable  A 


Fig. 


Frequency  (Hz) 

1 1 Relation  between  twisting  peirod  p and  near-end 
crosstalk  power  ratio  degradation. 
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Interstitial  PE  string 


p.e.f.  insulator 
Conductor 

' Interstitial  PE  string 

5 quad  unit  structure 
Cable  B 


Fig.  12  Manufactured  cable  section. 
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Table  4.  Manufactured  Cable  Structure 


Cable  A 

Cable  B 

d - 1.77  mm 

rf=  1.13  mm 

Conductor 

Radius  (mm) 

0.4 

0.4 

Free  Space 
Permittivity 

1.6 

1.6 

Number  of  Pairs 

112 

(28  pairs/unit) 

110 

(10  pairs/unit) 

Unit  Shield 

0.05  mm 

Cu  tape 

— 

Table  5.  Manufactured  Cable  Loss  Characteristics 


— \ 
3 \ 

u 

.Frequency 
\^(kHz) 
Cabled. 
Loss  \ 
(dB/km)\ 

1.5 

100 

772 

1 .000 

Note 

A 

Measured 

value 

1.4 

5.8 

10.8 

12.3 

d=  1.77  mm 
c,=  1.9 

Calculated 

value 

1.4 



5.7 

10.3 

11.6 

B 



Measured 

value 

1.8 

8.0 

16.0 

18.2 

d - 1.13  mm 
e,  1 .6 

Calculated 

value 

1.8 

7.5 

15.8 

Frequency  (Hz) 

Fig.  13  Manufactured  0.4  mm  LM  cable 
characteristics  impedance. 
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Fig.  14  Manufactured  cable  crosstalk  characteristic. 


Fig.  15  New  cable  application  to  digital  transmission. 
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AN  INCREASED  PAIR  DENSITY  UNDERGROUND  FEEDER  CABLE 


T.D.  Nantz 


Bell  Laboratories  Norcross,  Georgia 


Abstract 

When  conduit  runs  become  congested  in 
a growth  area,  there  may  be  a need  for 
high  pair  density  cables  for  feeders  (the 
main  subscriber  cables  leaving  the  central 
office).  A new  26-gauge  cable,  DUCTPIC, 
has  been  developed  to  provide  20%  in- 
creased pair  density  relative  to  standard 
pulp,  while  maintaining  eouivalent  voice 
frequency  electrical  properties.  DUCTPIC 
uses  dual  expanded  plastic  insulation.  In 
addition  to  increased  pair  density,  DUCT- 
PIC affords  other  advantages  such  as: 
color-coding  of  pairs,  improved  handling 
properties,  higher  dielectric  strength, 
and  improved  reliability  with  respect  to 
water  entry. 


Introduction 

The  technology  of  dual  expanded 
plastic  insulated  conductors  (DEPIC)  was 
developed  first  for  waterproof  cables  and 
effected  major  savings  of  insulation  and 
filling  compound.  It  was  next  used  to 
develop  metropolitan  area  trunk  (MAT) 
cable  producing  a 50%  saving  in  copper, 
increasing  by  30%  the  number  of  pairs  in  a 
sheath,  and  providing  improved  T-carrier 
transmission.  Studies  of  DEPIC  being  ap- 
plied to  feeder  cables  did  not  indicate 
significant  cable  material  savings,  but 
did  show  advantages  of  increased  pair  den- 
sity, an  opportunity  for  color  coding  and 
other  improvements. 

Larger  pair  density  cables  would 
defer  conduit  construction,  an  expensive 
outlay  of  capital.  In  1977  the  Bell 
System  spent  over  300  million  dollars  to 
install  about  20  thousand  miles  of  ducts. 
Additionally,  some  cities  are  now 
restricting  public  utilities  to  the  fre- 
quency and  hours  of  duct  construction.  A 
new  cable,  DUCTPIC,  uses  the  DEPIC  tech- 
nology to  provide  increased  pair  density 
relative  to  standard  pulp,  and  thereby  al- 
lows the  operating  telephone  companies  to 
defer  conduit  relief  through  improved 
utilization  of  remaining  duct  space. 


Cable  Design 

The  constraints  placed  on  developing 
an  increased  pair  density  underground 
feeder  cable  were  that  the  cable  should 
have  the  same  voice  frequency  (VP)  elec- 
trical characteristics  as  pulp  cables,  and 
the  insulation  should  have  handling 
characteristics  at  least  equivalent  to 
pulp.  Pulp  was  used  as  the  baseline  since 
pulp  insulation  dominates  the  underground 
feeder  cable  market.  VF  transmission 
characteristics  are  controlled  by 
resistance  and  capacitance.  Standard  VF 
cables  have  an  83  nF/mile  capacitance  and 
a resistance  proportional  to  gauge. 

The  distributions  of  subscriber  loops 
and  congested  ducts  dictated  that  a design 
based  on  26-gauge  conductors  would  provide 
maximum  benefits;  therefore,  the  design 
adopted  uses  a 26-gauge  DEPIC  insulat»d 
conductor.  This  insulation  consists  of  an 
expanded  core  of  plastic  material  sur- 
rounded by  a solid  skin.  1 DEPIC  was 
selected  based  on  its  ability  to  provide 
the  lower  dielectric  constant  necessary 
for  increased  pair  density  without 
changing  the  mutual  capacitance,  and  its 
overall  electrical  and  mechanical  perfor- 
mance.2 Figure  1 shows  a comparison  of  the 
DEPIC, solid  plastic  and  pulp  insulations 
for  26-gauge  conductors  and  83  nF/mile 
capacitance  in  an  air-core  cable  design. 

INSULATION  COMPARISONS 

26  GAUGE 


DUCTPIC 


SOUD 

Figure  1 


187 


DUCTPIC  insulated  conductors  have  an 
overall  diameter  over  the  dielectric  (DOD) 
of  24.5  mils.  Extruded  over  the  15.9  mil, 
26-gauge,  conductor  is  a 2.8  mil  foamed 
polyethylene  core  and  a 1.5  mil  solid 
polyethylene  skin.  The  comparable  dimen- 
sions for  DEPIC  insulations  used  in  26 
gauge  waterproof  cable  are  4.5  mil  foamed 
core  and  2.0  mil  skin.  Thus  the  insulation 
thickness  for  DUCTPIC  is  34%  smaller  than 
the  insulation  for  waterproof  cable. 
Figure  2 shows  a scanning  electron 
microscope  photo  of  the  DUCTPIC  insulation 
and  illustrates  the  dual  construction  and 
uniformly  sized  bubble  characteristic  of 
the  foamed  core. 


Figure  2 

The  cable  core  is  composed  of  25  pair 
units  and  multiunits  of  100  pairs  (four  25 
pair  units) . Each  25  pair  unit  has  a 
blue,  orange,  green,  or  brown  binder  to 
provide  unit  identification. The  multiunits 
are  assembled  in  the  "PIC  mirror  image" 
construction;  this  is  standard  on  all  Bell 
System  PIC  cables  of  1000  pairs  or  more. 
Briefly  "PIC  mirror  image"  means  that  the 
multiunits  are  counted  like  pulp  and  the 
pairs  like  PIC.  This  has  the  advantage  of 
avoiding  crossover  splices,  thus  reducing 
splice  bundle  size,  an  important  con- 
sideration in  the  design  of  large  pair 
count  feeder  cables.  The  mirror  image 
design  also  allows  fewer  pieceparts  in  the 
factory.  For  example,  using  standard  PIC 
color  coding  of  multiunits  the  3600  pair 
cable  requires  36  multiunits  to  be 
stocked.  Using  the  mirror  image  design 
requires  that  only  6 designs  of  multiunits 
be  stocked.  This  design  still  allows  any 
pair  in  the  cable  to  be  uniquely  iden- 
tified, as  can  be  seen  from  the  3600  pair 
core  construction  shown  in  Figure  3. 


3600  PAIR  CABLE 
CONSTRUCTION 


Figure  3 

There  are  two  colored  plastic  binders 
around  each  multiunit.  One  binder  defines 
a multiunit's  position  within  a layer,  and 
the  second  defines  its  layer  within  the 
cable.  The  green  bound  multiunit  is  the 
marker  in  each  layer  and  establishes  the 
starting  point  for  counting  in  that  layer. 
The  green  multiunit  is  flanked  on  either 
side  by  first  red  nultiunits,  then  blue 
multiunits,  then  ted,  etc.  The  cable  is 
symmetric  about  the  marker  multiunits  ; 
hence,  the  name  "mirror  image".  The 
second  binder  color  alternates  between 
yellow  and  black,  starting  with  yellow  for 
the  multiunits  in  the  outermost  layer. 

The  count  starts  with  the  center-most 
marker  multiunit.  Then  with  the  ob- 
server's back  to  the  central  office  the 
count  proceeds  clockwise  through  that 
layer's  multiunit (s) . Counting  continues 
with  each  layer  radially  out  from  the 
center,  starting  with  the  green  marker 
multiunit  in  that  layer  and  counting 
clockwise  as  in  Figure  3. 

Notice  the  spare  pairs  that  are 
positioned  in  the  interstices  of  the  outer 
multiunits.  The  need  for  spare  pairs 
arises  because,  like  pulp-insulated  large 
size  cables,  ther^is  an  economic  trade- 
off between  the  manufacturer's  cost  of 
guaranteeing  the  integrity-  of  every  con- 
ductor and  its  insulation  with  the  field 
cost  of  using  and  administering  spare 
pairs  that  replace  defective  pa'irs.  Each 
reel  with  defective  pairs  has  a tag  on  it 
to  identify  the  defective  pair(s)  as  to 
multiunit,  unit,  and  pair.  The  spare  pair 
colors  are  unique  , avoiding  confusion 
with  regular  cable  pairs. 


The  requirements  on  the  sheath  are 
that  it  should  be  pressurizable  and  diffu- 
sion resistant.  Therefore,  as  with 
present  pulp  feeder  cables,  the  time 
proven  stalpeth  sheath  is  used. 

Comparison  With  Pulp 

The  primary  goal  in  developing  DUCT- 
PIC  cable  is  to  provide  as  many  pairs  as 
possible  for  3-1/2  inch  ducts,  of  which 
there  are  many  still  in  place,  par- 
ticularly in  central  city  areas.  Table  1 
compares  the  duct  compatibility  of  various 
sizes  of  DUCTPIC  and  pulp  cables. 


DUCT  COMPATIBILITY  \ 

Duct 

Six* 

DUCTPIC 

PULP 

Did 

Pairs 

Dia 

Pairs 

3.5 

2.8 

2.9 

3.1 

2700 

3000 

3600 

3.0 

2700 

4.0 

3.4 

4200 

3.2 

3.4 

3000 

3600 

"ALL  DIMENSIONS  IN  INCHES 


Table  1 


Even  though  the  cable  offers  about  a 20  to 
25%  increase  in  pair  density  over  the  same 
diameter  pulp  cable,  the  benefit  becomes 
greater  when  one  compares  the  maximum  size 
pulp  and  DUCTPIC  cables  that  can  be  pulled 
into  standard-sized  ducts.  Because  of 
this  "quantization"  of  conduit  sizes. 
Table  I illustrates  that  DUCTPIC  will 
provide  3600  pairs  in  the  3-1/2  in.  ducts 
compared  to  2700  pulp  pairs,  a 33%  in- 
creare. 

Because  it  uses  plastic  insulated 
conductors,  DUCTFIC  has  superior  handling 
properties  over  pulp  insulated  conductor 
cables.  The  conductors  can  be  flexed 
repeatedly  without  fear  of  the  insulation 
unravelling  and  exposing  the  conductor. 
Splicers  commonly  observe  this  unraveling 
of  pulp  insulation  during  splice  re-entry. 
To  provide  a more  controlled  measure  of 
this  characteristic  a laboratory  experi- 
ment was  designed  where  a 25  pair  unit  of 
DUCTPIC  and  a 25  pair  unit  of  pulp  were 
each  repeatedly  flexed  over  a 1/2  inch 
diameter  rod  as  shown  in  Figure  4. 


DUCTPIC  VS  PULP  HANDlfABIUTY  TESTS 


On  the  average,  pulp  withstood  37  flexes 
before  copper  was  exposed,  while  DUCTPIC 
exposed  no  copper  after  1000  flexes.  This 
coupled  with  the  fact  that  the  DUCTPIC 
handling  properties  are  not  affected  by 
environmental  conditions  such  as  moisture 
on  a splicer's  hands  means  fewer  problems 
in  splicing  and  rearrangements. 

DUCTPIC  pairs  are  fully  color-coded, 
which  provides  advantages  of  pair  iden- 
tification during  clearing,  rearrangement, 
and  restoration  operations.  On  the  other 
hand,  field  and  laboratory  tests  have 
shown  that  cable  joining  rates  for  PIC 
color  to  color  splicing  are  about  40% 
slower  than  random  splicing  pulp.  This 
equates  to  a wire  joining  penalty  of  about 
nine  minutes  per  100  pairs  joined.  Con- 
sidering the  other  splicing  operations  to 
be  constant  between  the  PIC  and  pulp  this 
penalty  means  about  a 20%  increase  in  time 
required  to  ' splice  a 3000  pair  DUCTPIC 
versus  the  same  size  pulp. 

Dielectric  strength  measurements  on 
insulated  single  conductors  from  pulp  and 
DUCTPIC  cables  indicate  a factor  of  five 
increase  for  DUCTPIC.  While  lightning  and 
high  voltage  surges  are  not  considered  a 
problem  in  the  underground,  this  dielec- 
tric strength  advantage  provides  greater 
margin  against  damage  due  to  high  vol- 
tages. 

The  plastic  insulation  also  offers 
improved  wet  circuit  reliability.  Most 
DUCTPIC  pairs  will  continue  to  operate  for 
sometime  after  the  cable  is  wet.  The  time 
to  failure  is  dependent  on  the  insulation 
condition  (number  of  pinholes)  and  the 
connectors  used  for  splicing.  The  rela- 
tive insensitivity  to  water  entry  was 
demonstrated  by  laboratory  tests  on  short 
lengths  of  25  pair  units  spliced  with 
filled  modular  connectors  which  are  im- 
mersed in  water.  They  show  no  leakage 
current  for  up  to  eleven  hours  with  48 
volt  battery  applied.  By  comparison, 
leakage  current  flows  immediately  when 
this  is  done  with  pulp.  Some  individuals 
may  consider  this  insensitivity  a disad- 
vantage; they  prefer  the  immediate  failure 
which  occurs  when  pulp  gets  wet.  However, 
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when  combined  with  a propet  maintenance 
package,  this  becomes  a significant  advan- 
tage toward  providing  better  customer  ser- 
vice. The  maintenance  strategy  was 
described  in  an  earlier  symposium  3'l‘and 
consists  of:  monitored  gas  pressure,  a 
water  sensing  element  in  each  splice,  and 
a restoration  method  using  forced  air. 
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Field  Trials  and  Results 

Three  field  trials  using  3000  pair 
DUCTP1C  have  been  completed  as  of  this 
writing.  A fourth  trial  using  both  the 
3000  and  the  3600  pair  designs  is  under- 
way. The  completed  field  trials  have  suc- 
cessfully demonstrated  the  manufacture  and 
installation  of  over  18000  sheath  feet  of 
DUCTPIC  cable. 

Manufacture  of  DUCTPIC  has  presented 
no  fundamantal  problems  precluding  regular 
commercial  manufacture.  Installation  into 
ducts  and  cable  racking  was  satisfactory, 
as  expected  from  a stalpeth  sheathed 
cable.  Generally,  the  pulling  crews  felt 
they  could  not  distinguish  between  DUCTPIC 
and  pulp.  Thirty  splices  have  been  made 
for  a total  of  180,000  pairs  joined.  The 
insulation  has  performed  as  predicted  by 
the  laboratory  handling  tests,  with  fewer 
insulation  defects  during  splicing  than 
would  be  expected  using  pulp  cable.  Each 
trial  installation  resulted  in  100%  usable 
pairs,  and  craft  acceptance  of  the  insula- 
tion was  good.  During  the  DUCTPIC  field 
trials  the  color  code  error  rate  was 
measured  ( e.g.  splicing  blue-white  to 
orange-white).  This  was  done  to  ascertain 
whether  there  were  sufficient  errors  being 
made  to  defeat  the  purpose  of  color  coding 
the  pairs.  Errors  of  this  type  occurred 
less  than  .1%  of  the  time  or  about  1 per 
1000  pairs  spliced.  The  operating  com- 
panies favor  the  full  color-coding  of 
DUCTPIC  pairs  ever,  with  the  possibility 
for  some  color  splicing  errors  and  the 
slower  wire  joining  rates.  They  cite  the 
long-term  benefits  in  clearing  troubles, 
rearrangements,  and  restorations  as 
reasons  for  desiring  fully  color-coded 
pairs. 

Summary 

A new,  26-gauge,  feeder  cable  which 
provides  a 20%  pair  density  increase  over 
standard  pulp  cables  has  been  developed. 
The  design  allows  up  to  3600  pair  for 
3-1/2  inch  ducts  and  4200  for  4 inch  ducts 
with  standard  VF  electrical  properties. 
Field  trials  indicate  excellent  craft  ac- 
ceptance of  the  color  coding  and  improved 
handling  properties. 
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PeTAP  CABLE  - A NEW  CONCEPT  IN  BURIED  CABLE  DESIGN 


D R Bissell,  D Chadwick  and  D C Smith 
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SUMMARY 

Cables  directly  buried  in  the  ground  are  fre- 
quently given  protection  against  damage  by  the 
application  of  steel  wire  armouring  during  manu- 
facture. This  armouring  is  expensive  and  repre- 
sents a large  proportion  of  the  cable  cost.  A new 
cable  design  known  as  PeTAP  - Polyethylene  Twin 
Cable  with  Annular  Protection  - offers  a similar 
degree  of  protection  but  at  a reduced  cost.  The 
configuration  of  the  cable  design  is  similar  in 
cross  section  to  a cable  in  a small  duct,  and 
relies  on  the  loose  tube  to  act  as  an  energy 
absorption  medium  against  impacting  or  other 
forces.  The  main  problems  of  manufacturing  this 
cable  with  a loose  tube  have  been  identified  and 
practical  solutions  have  been  obtained.  Current 
production  techniques  are  discussed  and  the  method 
of  manufacture  detailed.  The  design  concept  of 
PeTAP  allows  flexibility  in  the  choice  of  dimen- 
sions, materials  and  manufacturing  techniques  to 
suit  any  particular  application.  Thus  the  prin- 
ciple of  PeTAP  could  be  extended  to  other  types  of 
cable  and  might  be  used  to  advantage  with  small 
bore  coaxial  and  optical  fibre  cables. 


INTRODUCTION 

The  British  Post  Office  uses  armoured  cable, 
particularly  for  directly  buried  cable  installa- 
tion. Most  applications  are  underground  feeds  from 
secondary  distribution  points  to  customers,  parti- 
cularly on  new  housing  estates.  Experience  in  the 
UK  has  shown  that  unarmoured  cables  are  unsatis- 
factory for  this  purpose. 

The  conventional  form  of  armouring  utilises 
small  diameter  steel  wires  helically  wrapped  around 
the  sheathed  cable  core.  The  selection  of  this 
type  of  armouring  was  a natural  choice  dictated  by 
the  historical  method  of  manufacturing  cables, 
which  itself  has  been  based  on  traditional  rope 
making  equipment,  and  the  manufacturing  limitations 
on  the  application  of  steel  tape  armouring  to  small 
diameter  cables. 

Steel  wire  armouring  (SWA)  is  a satisfactory 
form  of  protection  on  cables  and  provides  an  effec- 
tive guard  against  most  of  the  hazardous  conditions 
found  in  this  type  of  installation.  However  such 
armouring  is  expensive  relative  to  the  cost  of  the 
cable  so  much  so  that  in  some  instances,  particu- 
larly on  the  smaller  sizes,  it  represents  a greater 
cost  than  the  cable  itself. 


Early  in  the  1960's  some  effort  was  made  by 
the  BPO  and  the  cable  manufacturers  to  breakaway 
from  the  SWA  concept  and  various  types  of  alterna- 
tive armourings  were  produced.  These  alternatives 
all  used  steel  reinforcing  in  one  form  or  another 
but  none  had  the  general  acceptance  of  steel  wire 
armour.  Further  work  on  the  problem  produced 
alternatives  to  steel  using  various  forms  of  plas- 
tic protection,  such  as  thicker  sheaths,  compound 
sheaths  of  different  materials,  and  the  use  of 
small  bore  polyethylene  duct  into  which  the  cable 
was  inserted  prior  to  installation  in  the  ground. 
Impact  tests-performed  using  an  "Impact  Tester" 
described  later  - showed  that  small  bore  polyethy- 
lene duct  gave  a consistently  high  degree  of  pro- 
tection compared  with  other  forms  of  armouring. 
Based  on  this  evidence  development  work  was  put  in 
hand  to  exploit  the  concept  of  a loose  tube  form 
of  armouring  and  the  British  Cable  Industry  under- 
took to  produce  a cable  meeting  these  requirements. 
The  success  of  their  efforts  is  described  later  in 
the  paper.  The  final  product  of  this  development 
has  now  been  adopted  by  the  Post  Office  and  is 
known  as  cable  Polyethylene  Twin  with  Annular  Pro- 
tection or  PeTAP  for  short. 

DESIGN  CONSIDERATIONS 

A statistical  survey  of  the  types  of  damage 
to  directly  buried  cables  on  housing  estates  in 
the  UK  was  conducted  in  1968  and  analysed  about 
250  cases  of  damage.  The  results  of  this  survey 
are  shown  in  the  pie  diagram  (Fig  1)  and  indicate 
that  the  largest  proportion  of  damage  to  cables 
can  be  attributed  to  hand  digging  tools.  On  this 
evidence  the  design  parameters  of  protected  cable 
were  chosen. 

It  is  virtually  impossible  to  provide  protec- 
tion against  damage  by  mechanical  plant  at  an 
economical  cost,  and  it  was  decided  at  an  early 
stage  in  the  development  not  to  include  this  as  a 
primary  design  objective. 

There  are  three  possible  types  of  load  appli- 
cation to  be  considered  for  directly  buried 
cable:-  crushing,  impact  and  tensile. 

(1)  Crushing  would  normally  be  caused  by 
pressure  from  the  surrounding  earth  exerting  a 
force  on  the  cable  and  can  be  intensified  by 
additional  surface  pressure  from  passing  vehicles. 
Crushing  loads  are  not  normally  severe  unless 
there  are  irregularities  in  the  ground,  such  as 
sharp  stones  adjacent  to  the  cable.  (Crushing 


p 


1 


I 


accounts  for  11%  of  damage  cases.) 

(11)  Impact  loads  are  generally  caused  by 
physical  disturbance  of  the  soil  by  digging  imple- 
ments such  as  spades,  forks,  pick-axes,  fencing 
spikes  etc.  This  type  of  loading  is  severe  and 
punishing  as  the  implements  are  sharp  and  their 
loading  is  impulsive  generating  very  high  impact 
forces.  (Accounts  for  73%  of  damage  cases.) 

(iii)  Tensile  forces  are  applied  during  the 
installation  of  the  cable  in  the  ground  or  by  the 
occurrence  of  voids  in  the  ground  after  laying  the 
cable. 

Having  established  the  most  likely  causes  of 
damage  to  buried  cable  it  was  necessary,  before  a 
suitable  design  of  cable  could  be  finalised,  to 
establish  a testing  procedure  which  would  effec- 
tively rank  the  various  alternatives  of  protection 
available  and  provide  a standard  piece  of  test 
equipment  for  future  comparative  studies.  It  will 
be  appreciated  that  there  are  many  variations  of 
load  application  and  ground  conditions  to  be  con- 
sidered and  that  no  single  test  can  take  into 
account  all  the  pertinent  factors. 

By  referring  to  the  pie  diagram  (Fig  1)  it  was 
decided  that  impact  damage  was  the  major  problem 
area  to  be  considered  and  therefore  a test  based  on 
impact  performance  was  devised.  Subsequently  an 
impact  tester  was  designed  and  developed  which 
closely  reproduced  the  types  of  impact  damage 
experienced  under  field  conditions.  (Fig  2.) 

The  basic  element  of  the  impact  tester  is  a 
pneumatically  operated  impact  cylinder  which 
releases  an  impulsive  force  when  activated  by  a 
push  button  control.  The  value  of  the  impulse 
force  is  dependent  on  the  pressure  of  the  air  sup- 
ply and  the  distance  through  which  the  impacting 
ram  acts.  Pressure  is  controlled  by  a regulator 
valve  built  into  the  pneumatic  circuit  and  the  dis- 
tance of  travel  by  adjustment  of  the  height  of  the 
cylinder  above  the  sample  on  test.  A variety  of 
impacting  heads  can  be  attached  to  the  ram  of  the 
cylinder  and  these  simulate  the  action  of  a spade, 
spike  or  sharp  stone.  An  ionisation  tester  is  con- 
nected between  the  conductors  of  the  sample  on  test 
and  the  bed  of  the  machine.  The  voltage  is  set  to 
2 kV  and  the  tester  gives  an  audible  warning  when 
the  impacting  head  breaks  through  the  sheath  of 
the  cable  into  the  conductors.  This  arrangement  is 
employed  because  visual  inspection  of  damage  is  not 
always  conclusive  and  this  technique  ensures  that 
results  are  consistent.  A compilation  of  test 
results,  using  this  equipment,  is  shown  in  Fig  3 
and  indicates  that  the  loose  tube  cable  design 
(No.  8)  offers  very  good  protection  against  spade 
damage  and  compares  favourably  with  steel  wire 
armour  protection  (No.  9).  Other  types  of  protec- 
tion are  shown  for  comparison  and  illustrate  the 
various  types  of  protection  that  have  been  inves- 
tigated. The  degree  of  protection  has  been  graded 
on  the  diagram  as  sufficient  or  insufficient  and  is 
directly  compared  to  SWA  protection  at  which  the 
dividing  line  has  been  drawn.  The  loose  tube  con- 
cept for  a cable  design  looked  very  attractive  and 
a decision  was  made  to  design  and  manufacture  a 


cable  meeting  this  design  principle.  In  preparing 
this  design  the  following  assumptions  were  made:- 

(1)  Polyethylene  behaves  as  conventional 
engineering  material  and  exhibits  a Hooke's  law 
characteristic. 

(2)  Impact  damage  is  the  prime  cause  of 
cable  failure,  and  in  particular  spade  damage  is 
the  most  common. 

(3)  It  is  considered  that  in  practice  spades 
are  not  sharp  enough  to  cause  pure  shear 
conditions. 

(4)  The  annular  protection  tube  of  PeTAP  will 
have  constant  wall  thickness  and  be  circular  in 
section. 

(5)  Existing  steel  wire  armour  constructions 
give  adequate  protection  against  most  types  of 
damage . 

(6)  A cable  is  considered  to  fail  the  impact 
test  when  the  ionisation  tester  sounds  an  audible 
warning. 

PRACTICAL  DESIOJS 

The  current  range  of  PeTAP  sizes  available 
for  the  BPO  use  is  shown  in  Table  1.  The  physical 
dimensions  of  these  have  been  established  on  an 
empirical  basis  and  are  the  result  of  comparison 
tests  on  the  Impact  Tester.  The  degree  of  protec- 
tion offered  is  similar  to  that  of  similar  size 
SWA  cables  but  the  cost  of  the  items  is  signifi- 
cantly lower. 

Calibration  of  the  Impact  Tester  was  estab- 
lished by  comparing  the  extent  of  damage  caused  by 
the  spade  attachment  with  actual  spade  damage  and 
relating  this  to  samples  of  cable  damaged  under 
field  conditions.  The  calibration  sample  is  shown 
in  Fig  4 and  typical  damage  to  cables  under  test 
in  Fig  5. 

It  follows  from  the  above  that  any  combina- 
tion of  cable  core,  tube  diameter,  tube  wall 
thickness  and  various  materials  can  be  tested  in 
this  manner,  and  by  the  choice  of  a suitable  cali- 
bration sample  a whole  variety  of  conditions  can 
be  considered.  Thus  it  becomes  possible  to 
develop  PeTAP  designs  to  suit  any  particular 
requirement. 

MAJOR  PROBLEMS  FOR  HIE  MANUFACTURER 
AND  FOSSIBLE  SOLUTIONS 

A choice  was  made  very  early  in  the  develop- 
ment stage  to  use  sheathing  grade  polyethylene 
(BPO  Specification  M 132)  for  the  loose  tube 
material.  This  choice  was  made  to  ensure  repro- 
ducible quality  of  the  tube  during  the  manufac- 
turing development  programme,  although  it  was 
recognised  that  other  materials  may  ultimately 
offer  a better  solution. 

The  loose  tube  design  poses  problems  for  the 
cable  manufacturer  and  the  two  principle  difficulties 
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are  (1)  the  specified  'no  adhesion'  requirement 
between  the  cable  sheath  and  tube  and  (2)  the  shape 
of  the  tube.  These  problems  and  some  possible 
solutions  are  discussed  below. 

No  Adhesion  Requirement 

Material  to  Specification  M 132  is  also  the 
sheathing  material  used  on  the  cable  core,  and 
since  polyethylene  is  a thermoplastic  material 
there  is  an  obvious  prospect  of  adhesion  when 
extruding  the  tube  over  the  cable.  Two  possible 
solutions  to  this  problem  are:- 

(1)  maintain  physical  separation  between  the 
cable  and  the  tube  until  the  tube  has  cooled  suf- 
ficiently to  avoid  adhesion. 

and  (2)  apply  an  insulating  medium  between  the 
cable  and  the  tube. 

Solution  (1)  could  be  accomplished  by  way  of 
example,  by  any  of  the  following  means  - 

(a)  an  extended  core  point  from  the 
extruder  crosshead,  possibly  water  cooled. 

(b)  separate  tube,  just  bigger  than  the 
cable,  passing  through  the  crosshead  and  extending 
into  the  cooling  section. 

(c)  long  flexible  tubular  membrane 
attached  to  the  end  of  the  core  point. 

Solution  (2)  could  be  accomplished  by  applying 
either  loose  material  such  as  talc  or  grease  or  a 
tape  such  as  paper  or  cotton  etc. 

Ml  other  problems  being  equal  solution  tl) 
would  be  preferred,  as  no  material  is  consumed 
which  is  superfluous  to  the  function  of  the  cable 
design.  However,  there  are  difficulties  in  either 
designing,  aligning  or  starting-up  the  process  with 
this  configuration. 

Solution  (2)  is  easier  to  apply  in  practice 
and  is  a current  preferred  method  of  manufacture. 
Loose  material  proved  difficult  to  apply  consis- 
tently and  it  could  be  accidentally  removed  from 
small  areas  of  the  tube  by  contact  with  the  tooling 
particularly  if  the  cable  tension  varied.  Utilisa- 
tion of  a paper  tape  formed  as  a tube  around  the 
cable  completely  eliminates  the  adhesion  problem 
and  has  the  virtues  of  cheapness  and  availability. 

Shape  of  Tube 


In  normal  tube  manufacture  it  can  be  difficult 
to  control  the  shape  of  the  tube  during  extrusion 
owing  to  its  weak  mechanical  strength  in  the  hot 
condition  (extrusion  temperature  about  200°C)  . Its 
own  weight  can  cause  sag  which  results  in  ovality 
and  variation  of  wall  thickness.  The  problems  of 
shape  control,  however,  are  not  too  onerous  in  the 
PeTAP  design  because  the  specified  tolerances  on 
the  tube  allow  a reasonable  degree  of  latitude.  No 
joint  boxes  or  fittings  are  applied  to  the  tube  in 
the  field  and  hence  the  tolerances  on  both  ovality 
and  wall  thickness  variation  can  be  much  more 


relaxed  compared  with,  say,  water  pipe  manufacture. 
Nevertheless  the  configuration  of  PeTAP  does  worsen 
the  likelihood  of  ovality  in  the  tube  and  steps 
have  to  be  taken  to  control  the  condition.  A water 
trough  is  commonly  used  in  cable  manufacture  as 
the  cooling  medium  and  is  applied  immediately 
after  the  point  of  extrusion,  and  as  the  effective 
density  of  the  PeTAP  tube  plus  cable  core  is  less 
than  1.0  it  will  tend  to  float.  The  whole  of  the 
tube  must  be  cooled  equally  otherwise  differential 
cooling  will  occur  which  will  cause  distortion  of 
the  tube.  Thus  the  cable  must  be  kept  under  water 
and  the  situation  shown  in  Fig  6 results. 

There  is  an  upward  force  due  to  buoyancy  and 
a downward  force  due  to  the  weight  of  the  cable 
which  are  acting  together  to  produce  ovality.  For 
this  reason  aluminium  cable  will  generally  process 
better  than  an  equivalent  copper  cable. 

Without  the  use  of  a liner  it  is  essential  to 
carefully  control  the  shape  of  the  tube  during  the 
initial  cool  down  period.  Techniques  commonly 
employed  to  do  this  are  - 

(a)  an  extended  water  cooled  mandrel  from 
the  crosshead 

(b)  sizing  plates  with  the  PeTAP  tube  pres- 
surised with  air  from  the  inside 

(c)  vacuum  forming  of  the  PeTAP  tube  at  the 
crosshead  associated  with  effective  cooling. 

The  main  problem  with  these  systems,  besides 
the  added  complexity,  is  the  severe  restriction  on 
line  speed  which  would  generally  be  limited  to 
about  half  the  normal  manufacturing  speeds.  It 
should  also  be  noted  that  both  adhesion  and  shape 
control  problems  generally  increase  with  tube  size. 
The  alternative  is  to  use  a liner  with  sufficient 
rigidity  to  resist  the  distorting  forces. 

AN  ESTABLISHED  METHOD  OF  MANUFACTURE 

One  proven  way  of  manufacturing  PeTAP  cable 
efficiently  was  developed  by  BIOC  Telecommunica- 
tion Cables  Ltd  (see  British  Patent  Application 
6220/75) . The  process  uses  a paper  liner  to  avoid 
adhesion  problems  and  to  provide  a base  on  which 
to  extrude  the  tube.  This  method  reduces  the 
capital  outlay  and  enables  fairly  conventional 
cable  technology  to  be  used.  The  process  utilises 
a standard  sheathing  line  with  some  additional 
plant  for  the  PeTAP  process.  A schematic  diagram 
of  the  process  is  shown  in  Fig  7 and  the  addi- 
tional plant  is  marked  thus*.  A description  of 
the  process  follows. 

The  stranded  cable  is  sheathed  at  a previous 
operation  and  is  supplied  to  the  PeTAP  process  in 
long  lengths  on  steel  or  wooden  drums.  The  drums 
are  loaded  into  conventional  input  stands  (1)  and 
the  inner  ends  are  prepared  for  changeover.  A 
dual  pad  pay-off  system  (2)  supplies  the  paper  to 
a forming  system  (3)  which  forms  the  tape  into  a 
tube  around  the  cable.  The  overlap  is  glued  using 
propriety  equipment  (4).  The  sealed  paper  tube 
containing  the  cable  is  presented  to  a conventional 
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sheathing  extruder  (5)  and  the  extrusion  is  made 
using  vacuum  techniques.  The  tubed  cable  passes 
into  the  standard  water  trough,  the  first  section 
of  which  contains  a few  simple  forming  dies  (6)  to 
help  control  the  shape  during  the  critical  initial 
cool  down  period.  The  remainder  of  the  trough  has 
bars  spaced  at  1-metre  intervals  to  maintain  the 
cable  under  water.  The  tubed  cable  is  hauled  off 
by  caterpillar  (7)  and  taken  up  on  a dual  stand 
(8)  . 

It  will  be  evident  that  the  whole  process  is 
arranged  for  continuous  running.  The  input  cables 
are  easy  to  changeover  due  to  the  relatively  large 
clearance  between  the  cable  diameter  and  the  tool- 
ing. The  PeTAP  cables  are  changed  over  onto  the 
take  up  drums  in  the  conventional  way.  The  paper 
pads  can  be  changed  over  using  an  instantaneous 
jointer  (9)  and  a special  high  temperature  pressure 
sensitive  adhesive  tape.  The  joint  produced  is 
hardly  perceptible  through  the  natural  polyethylene 
tube. 

PLANT  CONSIDERATIONS 

Two  points  to  note  are  (1)  the  extruder  out- 
put needs  to  be  fairly  high  (min  250  kg/hr)  to 
achieve  reasonable  line  speeds  and  (2)  adequate 
cooling  capacity  must  be  available  in  the  trough. 
Unlike  normal  sheathing  there  is  very  little  heat 
sink  from  the  cable  itself  and  hence  most  of  the 
heat  has  to  flow  outwards  into  the  water. 

TYPES  AND  CHARACTERISTICS  OF  LINER 

During  the  development  phase  polyethylene 
coated  paper  was  used  and  the  overlap  was  heat 
sealed.  This  worked  quite  well  but  there  is  a 
major  difficulty  in  jointinq  the  pads  together  and 
reliability  problems  arose  due  to  the  quality  of 
the  thin  polyethylene  coating.  It  does,  however, 
give  a good  shape  particularly  in  the  overlap  area. 
Mainly  because  of  the  jointing  difficulty  effort 
was  directed  to  enable  the  use  of  plain  paper. 
Initially  this  did  not  give  such  a good  shape  but 
significant  although  small  changes  in  the  tooling 
restored  the  position.  The  standard  175  urn  high 
extension  belting  paper  is  now  used  on  all  sizes 
manufactured.  This  paper  is  used  mainly  because  it 
is  convenient,  being  used  in  luge  quantities  for 
belting  cables.  It  is  recognised  that  perhaps  its 
characteristics  are  not  ideal  for  the  PeTAP  pro- 
cess. The  high  extendible  feature  is  not  required 
and  a stiffer  side  wall  property  would  be  more 
beneficial  to  the  process. 

PRODUCTION  EXPERIENCE 

The  process  has  proved  to  be  very  reliable  and 
efficient  and  has  been  well  accepted  by  the  opera- 
tives. Many  millions  of  metres  have  been  manufac- 
tured at  line  speeds  within  the  range  20  to  50  metres/ 
min  depending  on  tube  size.  Non-stop  runs 
in  excess  of  24  hours  are  achieved  frequently  with 
finished  lengths  in  the  range  500  to  2000  metres. 
There  is  an  interesting  point  to  note  concerning 
lengths.  Normally  a length  clock  is  provided 
immediately  prior  to  the  caterpillar,  but  if  this 
is  used  it  will  measure  the  tube  length  but  not  the 


cable  length  which  will  be  somewhat  shorter  unless 
an  input  caterpillar  is  used  (not  common) . This 
is  a fundamental  problem  which  is  related  to  the 
drum  dimensions  and  the  difference  in  the  posi- 
tions of  the  centre-line  of  the  cable  and  the 
tube.  For  this  reason  a measuring  clock  (10  in 
Fig  7)  is  provided  at  the  input  end  to  monitor 
the  cable  length  and  the  normal  clock  is  ignored. 
Alternatively  pre-marked  input  cables  could  be 
used  but  this  is  not  so  convenient  or  secure. 

ADVANTAGES  OF  PeTAP  MANUFACTURE 

The  advantages  to  the  cable  manufacturer  over 
the  rival  SWA  system  are: 

(a)  significant  raw  material  savings 

(b)  one  process  stage  less 

(c)  capable  of  greater  productivity  at  the 
sheathing  stage  alone  (due  to  continuous  run 
feature) 

(d)  providing  a suitable  sheathing  line  is 
available,  less  capital  and  maintenance  costs  and 
more  efficient  use  of  floor  space. 

The  only  disadvantage  is  the  larger  drum  size 
necessary  to  accommodate  the  greater  overall 
diameter. 

The  above  features  combine  to  produce  a pro- 
duct which  is  significantly  cheaper  than  an  SWA 
cable . 

FURTHER  DEVELOPMENTS 

PeTAP  is  a new  product  and  as  such  it  may  be 
capable  of  improvement  with  further  development. 
Some  possibilities  in  this  area  are  as  follows :- 

(a)  a more  cost  effective  system  could 
result  from  an  examination  of  the  relationships 
between  basic  material  costs/dimensions/mechanical 
properties  of  such  materials  as  (1)  other  low  den- 
sity polyethylene  compounds  including  regranulated 
or  waste  materials  (2)  medium  or  high  density 
polyethylene  compounds  (3)  polypropylene  (4)  PVC 
(5)  filled  materials  (6)  irradiated  materials  etc. 

(b)  the  basic  construction  of  the  tube 
could  be  changed  to  a corrugated  form  which 
generally  would  be  more  flexible  and  use  less 
material  for  a given  strength. 

(c)  the  cable  sheath  and  the  tube  could  be 
extruded  in  tandem  and  hence  eliminate  a further 
stage  of  production  although  the  continuous  run 
feature  may  be  lost. 

(d)  the  paper  liner  could  be  modified  or 
eliminated. 

FIELD  EXPERIENCE 

Present  specifications  for  PeTAP  cover  the 
range  of  2/0.5  ram  up  to  100/0.5  mm  cable  and  is 
based  on  the  outside  diameter  of  the  cable.  The 
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air  space  dimension  between  the  tube  and  the  cable 
and  the  wall  thickness  has  been  selected  to  pro- 
vide good  mechanical  protection. 

The  majority  of  uses  for  this  cable  in  the  UK 
occur  on  housing  estate  work  but  the  design  is 
suitable  for  cable  in  other  situations  where  con- 
ventional SWA  cable  is  used. 

So  far  the  cable  performance,  from  a protec- 
tion aspect,  has  proved  satisfactory  and  has  com- 
pared favourably  with  its  SWA  counterpart.  However 
the  change  of  type  has  produced  some  differences 
and  problems  and  these  relate  mainly  to  handling. 
The  major  drawbacks  are  listed  as  follows :- 

(i)  the  cable  is  more  bulky  (though  lighter) 
and  needs  larger  drums  for  the  same  pair  size  and 
sheath  length.  This  can  cause  problems  in  larger 
cable  sizes  since  some  existing  facilities  only 
cater  for  the  smaller  drims. 

(ii)  the  cable  is  more  springy  than  SWA  and 
tends  to  restore  to  its  coiled  shape  when  laid  in 
trenches  or  on  the  ground.  Particularly  when 
pulled  off  over  the  flange  of  the  drum  instead  of 
uncoiling  from  the  barrel  drum  as  normal.  SWA 
cable  is  of  course  comparatively  dead  when  laid  in 
the  same  manner. 

These  problems  have  required  slight  changes  in 
works  practices  and  are  not  causing  any  serious 
disturbance. 

The  cable  can  be  used  successfully  for  mole- 
ploughing  operations  and  a number  of  installations 
have  been  completed  without  problems.  Jointing  of 
PeTAP  cable  Is  similar  to  normal  unarmoured  cable 
except  that  the  outer  tube  must  be  removed.  This 
is  readily  done  by  methods  adopted  for  the  removal 
of  polyethylene  cable  sheaths  and  is  much  easier 
than  the  task  of  removing  SWA. 

Where  the  cable  is  used  to  lead  into  dwellings 
or  other  structures  it  is  usual  to  seal  the  tube 
to  prevent  the  passage  of  gas  or  water  along  the 
tube  into  the  structure. 


SCOPE  FOR  FURTHER  WORK 

The  developments  reported  in  this  paper  are 
based  largely  on  an  empirical  design  approach  and 
have  shown  that  the  loose  tube  design  can  effec- 
tively reduce  cable  costs  without  sacrificing  any 
loss  in  protection  performance. 

Further  work  can  be  envisaged  to  establish  a 
more  complete  theoretical  analysis  of  the  subject, 
particularly  as  regards  the  understanding  of 
impact  loads  on  plastic  materials.  Some  work  has 
already  been  done  using  the  "Thin  Ring  Theory"  as 
a basis,  and  it  is  hoped  to  develop  this  to  enable 
predictions  of  cable  performance  to  be  allied  to 
physical  dimensions  and  materials. 

The  application  of  loose  tube  protection  to 
other  types  of  cable  core  - coaxial  optical  fibre 
etc  - is  possible  and  to  be  expected  as  the  need 
arises  in  due  course. 

In  the  present  design  of  PeTAP  normal  sheath 
material  has  been  specified  but  future  develop- 
ments could  aim  to  use  other  thermoplastics, 
either  to  produce  cheaper  or  more  robust  designs 
(or  a combination  thereof) . 

CONCLUSIONS 

A new  concept  in  armouring  of  cable  has  been 
described  and  the  considerations  leading  to  its 
adoption  have  been  discussed.  The  choice  of  a 
practical  design  with  a method  of  providing  a com- 
parative test  procedure  has  been  indicated  and  the 
method  of  manufacture  with  its  salient  problems 
and  solutions  have  been  outlined. 

Practical  experience  in  the  field  has  been 
itemised  and  the  scope  for  further  development 
work  identified. 
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AN  IMPROVED  SCREENED  CABLE  DESIGN 


A.  P.  Gabriel;  J.  Justiss;  R.  Rossi 


Abstract 


General  Cable  Corporation 


With  the  rapid  acceleration  of  digital  trans- 
mission technology,  there  is  a constant  need  for 
screened  cable  which  maintains  pace  with  this 
evolution.  To  meet  this  need,  a new  screened  cable 
has  been  developed  which  incorporates  a radically 
new  concept  in  cable  screening  and  shielding.  This 
paper  will  discuss  the  details  of  the  new  design 
with  the  rationale  for  its  selection. 


Introduction 

The  use  of  internally  screened  cable  for  PCM 
carrier  transmission  has,  by  now,  become  common 
practice.  Initial  screened  cable  designs  offered 
the  system  designer  near-end  crosstalk  levels  which 
provided  adequate  safety  margins  with  respect  to 
error  rate.  With  the  progression  from  24  channel 
to  48  channel  transmission,  however,  the  Near-End 
Crosstalk  (NEXT)  margins  became  uncomfortably  low, 
especially  on  small  pair  count  cables.  In  order  to 
increase  these  margins,  the  new  "Dual  D-Shield" 
cable  was  developed.  This  paper  will  present 
electrical  and  mechanical  data  obtained  from  initial 
production,  and  compare  it  to  current  requirements. 
Finally,  the  paper  will  present  the  general  manu- 
facturing steps  taken  to  achieve  the  required 
shielding  configuration,  and  some  techniques 
necessary  for  field  splicing  of  this  new  cable 
design. 

Background 

Since  the  introduction  of  screened  cable  for 
100%  fill  PCM  carrier  application,  the  two  basic 
constructions  have  not  substantially  changed.  The 
open  screen  design,  introduced  in  1970  , and  the 
closed  screen  design  which  soon  followed,  are  with 
slight  modifications,  generally  the  two  alternatives 
of  choice  today.  The  modifications  which  were  intro- 
duced, concentrated  on  "state-of-the-art"  improve- 
ments and  also  on  improving  the  manufacturing 
efficiency  of  the  cables.  We  will  review,  briefly, 
the  primary  designs  evaluated  since  the  inception 
of  the  screened  cable. 

The  open  screen  design,  shown  in  Figure  1,  was 
specially  designed  for  the  early  24  channel  carrier 
systems.  Experience  has  shown  that  this  original 
goal  was  satisfactorily  attained.  In  order  to 
achieve  more  effective  intra-compartmental  isola- 
tion, the  tab  ends  of  the  screen  were  increased 


in  length,  giving  rise  to  the  extended  open  screen 
variety  of  cable  (Figure  2).  This  approach  emerged 
as  a direct  result  of  the  progression  of  carrier 
systems  into  the  48  channel  transmission  mode. 


OPEN  SCREEN  CABLE  DESIGN 


Figure  1 


EXTENDED  OPEN  SCREEN  CABLE  0ESIGN 


Figure  2 

2 

The  closed  screen  design,  introduced  in  1972  , 
was  a natural  progression  of  the  open  screen  con- 
cept. This  construction,  shown  in  Figure  3, 
effectively  isolated  one  core  half  from  the  other. 
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such  that  24  and  48  channel  transmission  is  made 
possible  at  a greater  NEXT  safety  margin.  As  given 
above,  other  screening  methods  were  evaluated  either 
to  improve  the  "state-of-the-art"  and/or  improve 
manufacturing  efficiency.  Figure  4 illustrates  a 
dual  closed  screen  construction  whereby  individual 
screens  are  placed  over  each  core  half  of  the  cable. 
Although  the  mechanical  integrity  of  this  model  was 
good,  there  was  no  tangible  benefit  in  NEXT  perfor- 
mance. In  addition,  the  substantial  increase  in 
material  usage  made  this  design  commercially  un- 
attractive. 


from  earlier  NEXT  studies,  conducted  at  both  0.772 
and  1.S76  MHz,  which  revealed  a notable  crosstalk 
level  improvement  when  the  screen  and  outer  shield 
were  brought  into  close  proximity.  In  fact,  this 
improvement  could  be  maximized  when  these  two 
shielding  elements  were  placed  in  electrical  con- 
tact. Although  the  physical  mechanism  governing 
this  phenomenon  are  complex,  it  is  possible  to 
explain  the  theory3in  simpler  tejms  by  relying  on 
the  works  of  Kaden  and  Griffith  . 

Kaden,  explains  the  crosstalk  mechanism  in  terms 
of  a capacitance  model,  such  as  illustrated  in 
Figure  5. 


CLOSED  SCREEN  CABLE  DESIGN 


Figure  3 


CLOSED  DUAL  SCREEN  CABLE  DESIGN 


Figure  4 

In  order  to  reduce  material  usage  in  the  two- 
tape,  dual  closed  screen  design,  the  overall  shield 
was  eliminated  while  the  thickness  of  the  screening 
material  was  increased  to  maintain  lightning  pro- 
tection in  the  buried  plant  environment.  This  modi- 
fication reduced  material  usage  somewhat  but  proved 
difficult  to  manufacture  and  resulted  in  degrada- 
tion of  the  structural  integrity  of  the  cable  since 
each  core  half  could  move  independently  of  the  other 

Integral  Screen/Shield  Design 

During  one  phase  of  our  study  into  alternate 
screened  cable  designs,  the  decision  was  made  to 
evaluate  the  possibility  of  merging  the  internal 
screen  and  outer  shield  into  one  continuous  shield- 
ing tape.  The  rationale  for  this  decision  stemmed 


Figure  5 

In  this  model,  the  mechanism  for  NEXT  is  not 
direct,  but  rather  occurs  via  intermediate  circuitry. 
Considering  pair  3-4  outside  the  inner  screen  0, 
the  unbalance  capacitances  C30  and  C40  give  rise  to 
a potential  between  the  pair  3-4,  considered  as  a 
single  conductor,  and  screen  0.  Such  asymmetrical 
circuit  excitation  produces  a longitudinal  current 
on  screen  0 and,  therefore,  longitudinal  voltage  on 
its  inner  surface  by  virtue  of  its  surface  transfer 
impedance.  As  the  screen  0 is  brought  closer  to 
the  overall  shield  O' , the  capacitance  of  the  longi- 
tudinal unbalanced  circuits  of  pair  1 - 2 to  shield 
P is  increased,  thereby  increasing  the  attenuation 
of  this  circuit.  This  reduces  the  longitudinal 
current  and  voltage  on  the  screen  0,  resulting  in  an 
attendant  level  reduction  in  NEXT.  For  conventional 
open  or  closed  screen  designs,  this  result  may  be 
maximized  through  a physical  grounding  of  the  screen. 

Although  the  capacitance  model  is  sufficient 
to  illustrate  the  Near-End  Crosstalk  mechanism,  the 
effect  of  gaps  in  the  screening  compartment  bear 
further  discussion.  Kaden.  but  more  especially 
Griffith,  has  illustrated  that  such  gaps  (due  to 
shield  overlap)  in  the  shield,  or  the  screen  in  this 
case,  can  seriously  degrade  shielding  efficiency  at 
the  higher  frequencies  (depending  on  the  width  and 
length  of  the  gap)  due  to  magnetic  flux  leakage. 

For  a homogeneous  tubular  shield,  surface  transfer 
impedance  will  be  decreased  with  increasing  fre- 
quency. With  a gap,  however,  the  inverse  occurs 
at  higher  frequencies,  and  the  magnitude  of  the 
surface  transfer  impedance  becomes  a function  of 
the  physical  size  of  the  shielding  overlap  gap. 


Minimization  of  the  overlap  gap  can  be  achieved  in 
two  ways: 

a)  Reduce  the  cross-sectional  overlap  area  such 
that  it  converges  to  zero. 

bl  Increase  the  gap  length  such  that  the  compart- 
ment-to-compartment  leakage  path  is  increased, 
thereby  attenuating  the  interfering  signals. 


IMPROVED  SHIELDING  MECHANISM  M THE  INTEGRAL 
SCREEN  / SHIELD  CABLE 


Figure  6 

The  "Dual-D"  Shield  model  of  Figure  6,  reflects 
a minimization  of  the  screen-to-shield  separation 
by  making  the  screen  and  shield  one  continuous 
tape,  and  it  also  maximizes  the  length  of  the 
compartment-to-compartment  leakage  path  through 
overlap  placement. 

In  order  to  yield  a shield  resistance  equal 
to,  or  less  than,  the  combined  screen/shield  resis- 
tance of  current  designs,  the  integral  screen/ 
shield  tape  selected  was  an  0.008"  copolymer 
coated  aluminum.  This  would  provide  equivalent 
lightning  protection  to  current  screened  cable 
designs.  Each  compartment  half  is  provided  with 
a high  dielectric  strength  core  wrap  to  minimize 
potential  conductor  to  shield  breakdown  during 
lightning  storms.  A cable  configuration  as  shown 
in  Figure  7 was  the  final  design  selected. 


INTEGRAL  SCREEN/  SHIELD 
CABLE  DESIGN 


Figure  7 


The  cable,  as  shown,  is  filled  for  reasons 
which  will  become  clear  later.  The  0.006"  steel 
tape  was  added  for  a variety  of  reasons.  One  was 
to  facilitate  splicing,  since  intimate  bonding  of 
the  jacket  to  the  copolymer  coated  aluminum  would 
increase  the  difficulty  of  removing  the  jacket 
during  the  splicing  process.  This  will  be  explained 
in  greater  detail  when  cable  splicing  is  discussed. 

A second  reasons  for  the  steel  tape  was  to  provide 
increased  mechanical  protection  for  critical  circuits 
contained  in  the  cable.  What  we  had,  then,  was  a 
filled,  screened  cable  with  significantly  improved 
shielding  capability,  and  with  a sheath  providing 
universal  application. 

In  order  to  verify  the  promising  transmission 
performance  of  the  design,  prototype  cables  were 
manufactured  for  evaluation.  Also,  the  mechanical 
performance  of  the  new  cable  design  required  evalua- 
tion. Certainly,  a cable  having  good  electrical 
performance  with  weak  mechanical  properties  would  not 
be  acceptable.  The  criteria  for  Mechanical  evalua- 
tion, therefore,  was  a performance  level  at  least 
as  good  as  the  current  designs. 

Mechanical  Tests 

In  addition  to  the  standard  industry  tests 
normally  required,  cable  samples,  with  end  blocked, 
were  subjected  to  temperature  cycling.  One  cycle 
consisted  of  a temperature  excursion  of  -40°F 
to  +140  F (-40°C  to  +60  C)  in  a time  period  of 
24  hours.  Samples  were  cycled  up  to  25  days,  with 
some  periodically  removed  at  intervals  of  4,  11, 

15  and  21  days.  After  removal  from  the  conditioning 
chamber,  cable  samples  were  allowed  to  stabilize  tg 
room  temperature  and  then  subjected  to  bending  180° 
around  a 10X  diameter  mandrel.  The  samples  were 
then  bent  180°  in  the  opposite  direction  after 
which  the  cable  was  axially  rotated  90°  and  the 
process  repeated.  A standard  closed  screen  cable 
was  also  tested  for  comparison  purposes.  After 
the  bending  test,  cable  samples  were  dissected  to 
determine  any  visible  damage  to  cable  components. 

It  must  be  emphasized  here,  that  the  bending 
test  described  above  is  not  industry  standard,  and 
the  bending  diameter  was  purposely  made  small  to 
increase  the  severity  of  the  test.  The  purpose 
of  the  test  was  to  determine  relative  performance 
of  the  new  design  when  compared  against  current 
standard  cable  which  has  a very  satisfactory 
performance  history  in  the  field.  The  results  of 
the  bending  test  were  as  follows: 

Table  1 


Cable  Condition 


Conditioning 

Cycles/Days 

Current  Closed 
Screen 

Dual  D 

4 

No  buckling  or 

No  buckling  or 

damage 

damage 

11 

Slight  buckling, 
no  damage 

It 

15 

II 

Slight  buckling, 
no  damage 

21 

Buckling,  no 
damage 

II 

25 

II 

. - ---  --  .. 
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No  cracking  of  any  cable  component  was  observed 
in  either  the  current  closed  screen  design,  or  in 
the  new  proposed  design.  The  improved  performance 
of  the  "Dual-D"  shield  design,  can  be  attributed  to 
the  structure  of  the  screen/shield  configuration. 
Current  designs  for  open  screen  and  closed  screen 
cables  permit  migration  of  core  filling  compound 
into  the  shield/jacket  interface  during  broad 
temperature  excursions  or  severe  handling.  This 
has  been  known  to  be  a factor  in  occasional  cable 
damage  during  installation  at  high  temperatures  and 
may  occur  due  to  thermal  expansion  and/or  cable 
deformation.  In  the  "Dual-D"  cable,  each  compart- 
ment is  mechanically  isolated  due  to  the  sealed 
layers  in  the  central  partition.  The  sealing  is 
obtained  by  means  of  heat  generated  by  the  filling 
compound.  In  addition,  due  to  the  overlap  place- 
ment, pressure  build-up  due  to  filling  compound 
expansion  is  effectively  contained.  This  prevents 
migration  of  the  filling  compound  into  the  shield/ 
jacket  interface,  thereby  reducing  the  effect  of  one 
of  the  major  contributions  to  potential  jacket 
slippage  during  field  handling. 


Transmission  Testing 


For  purposes  of  this  series  of  tests,  two 
cable  sizes  were  tested.  One  was  24  pair  22  AWG 
and  the  other  104  pair  22  AWG.  This  was  done  to 
obtain  representative  data  for  both  layer  and 
unit  type  cables.  The  primary  area  of  interest, 
of  course,  was  Near-End  Crosstalk  at  both  24  and 
48  channel  frequencies.  Superimposing  the  Results 
of  the  tests  on  previously  published  graphs  , the 
effect  of  the  added  screening  realized  by  almost 
3 layers  of  0.008"  copolymer  coated  aluminum  and 
a notable  extension  of  the  overlap  length  is 
apparent.  Figure  8 displays  the  results  of  test 
at  772  KHz,  and  Figure  9 at  1.57b  Mlz. 
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To  date,  the  maximum  size  manufactured  has  been 
a 104  pair  22  AWG  cable,  which  covers  the  major 
portion  of  the  screened  cable  sizes  employed  today. 
For  this  reason,  we  have  not  shown  data  for  the 
larger  sizes.  The  transmission  test  results  show 
a substantial  improvement  in  Near-End  Crosstalk 
levels  over  cables  in  current  use,  assuring  greater 
safety  margins  for  48  channel  transmission.  Other 
industry  electrical  tests  performed  on  the  prototype 
cables  yielded  results  substantially  equivalent  to 
current  standard  screened  cables. 

Cable  Manufacture 

With  any  cable  construction,  one  must  be  able 
to  proceed  from  the  prototype  phase  to  a production 
mode  in  a manner  which  will  result  in  a consistent 
quality  product.  Once  this  possibility  was  verified, 
a Patent  Application6  for  "Dual-D"  was  filed  and  is 
pending. 

Production  of  the  cable  presented  a unique  set 
of  problems.  It  was  mandated  at  the  very  outset, 
that  the  finished  product  must  be  as  good,  or 
better  than,  existing  designs  in  all  specification 
parameters,  and  significantly  better  in  Near-End 
Crosstalk.  Evaluation  testing  of  the  prototype 
cables  verified  the  last  point,  but  consistent 
processing  techniques  are  necessary  to  meet  the 
other  goals,  particularly  Water  Flow  Resistance 
and  Mechanical  Integrity.  Of  particular  signifi- 
cance toward  this  end  was  the  central  screening 
partition.  In  order  to  eliminate  potential  water 
flow,  and  provide  a sound  mechanical  structure, 
the  three  layers  of  0.008"  copolymer  coated 
aluminum  tape  would  have  to  be  physically  fused. 

This  is  accomplished  when  the  hot  filling  compound 
comes  in  contact  with  the  tape  layers.  Experience 
has  shown  this  to  be  controllable  on  a consistent 


Figure  8 


Figure  9 
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basis.  In  addition,  the  filling  process  mandated 
that,  in  one  continuous  operation,  the  following 
must  be  accomplished: 

1)  Pay-off  two  unfilled  core  halves. 

2)  Apply  filling  compote  d to  each  core  half. 

5)  Apply  core  sep„  ape  over  each  compartment. 

4)  Apply  0.008"  copo..  er  coated  aluminum  such 

that  the  configuration  of  Figure  7 is  achieved. 

5)  Apply  filling  compound  at  the  various  sheath 
interfaces. 

6)  Apply  0.006"  steel  tape  and  flooding  compound. 

7)  Apply  jacket. 

As  can  well  be  imagined,  this  was  quite  a 
formidable  task,  and  with  considerable  effort,  was 
accomplished.  To  place  this  accomplishment  into 
greater  perspective,  the  following  had  to  be  con- 
sidered in  the  manufacturing  process: 

a)  Fill  two  separate  core  halves  simultaneously. 

b)  Core  tapes  must  be  properly  aligned  to 
result  in  satisfactory  coverage  over  the  core. 

c)  Core  tape  overlap  must  be  in  proper  direction 
to  be  compatible  with  screen/shield  bend. 

d)  Screen/shield  must  be  properly  aligned  so 

as  to  fold  in  the  exact  area  required.  This 
is  important  for  mutual  capacitance  control 
and  proper  geometric  symmetry. 

e)  Center  membrane  layers  must  be  placed  in  close 
contact  for  proper  fusing. 

The  equipment  for  this  process  is  quite  complex 
and  is  beyond  the  scope  of  this  paper. 

Cable  Splicing 

The  "Dual-D"  cable,  as  designed,  is  handled 
basically  similar  to  current  standard  cable  except 
for  some  minor  adjustments  in  splicing  procedure. 

The  jacket  and  the  steel  shield  are  removed  in 
identical  manner  to  current  standard  cable.  The 
integral  screen/shield,  however,  presented  an 
initial  problem  in  gaining  access  to  the  individual 
compartments  for  pair  splicing  purposes.  This 
obstacle  is  easily  overcome  by  slitting  the 
screen/shield  in  two  places,  one  for  each  compart- 
ment, on  opposite  sides  of  the  screening  partition. 
The  tape  is  then  folded  flat  and  removed.  After 
the  individual  pairs  are  spliced,  screening  is 
restored  bv  application  of  a helical  aluminum 
tape  such  that  it  overlaps  the  screen/shield  on 
each  side  of  the  splice  area.  Shield  continuity 
is  maintained  by  application  of  suitable  grounding 
connectors  and  a grounding  bar.  All  other 
splicing  procedures  remain  the  same. 

It  becomes  clear,  at  this  point,  that 
the  0.006"  steel  shield,  in  addition  to  serving 
as  mechanical  protection,  also  facilitates  removal 
of  the  outer  sheath  for  easier  access  to  the  inner 
core.  Nere  the  stc-el  not  there,  the  adhesion  of 
the  jacket  to  the  copolymer  coated  aluminum  inte- 
gral screen/shield  would  result  in  difficulty  in 
gaining  access  to  the  pairs  for  splicing. 


As  stated  in  the  foregoing  paragraphs,  the 
mechanism  for  Near-End  Crosstalk  has  been  rigorously 
discussed  in  other  publications.  The  "Dual-D", 
integral  screen/shield  design  further  reduces  the 
effects  of  electrostatic  and  electromagnetic 
coupling.  This  has  resulted  in  Near-End  Crosstalk 
improvements  at  1.S76  KHz  (48  channel)  transmission 
by  IS  to  20  db,  in  the  cable  sizes  considered, 
increasing  the  margin  of  safety  and  further  reducing 
the  possible  error  rate.  This  has  been  accomplished 
without  degrading  any  other  cable  properties.  On 
the  contrary,  a more  mechanically  rugged  cable  has 
also  been  developed. 


Conclusions 


In  this  paper,  we  have  presented  a cable  design 
for  PCM  carrier  application  which  represents  a 
significant  advance  in  the  "state-of-the-art"  for 
single  cable,  two-way  transmission.  In  fact,  the 
configuration  of  the  shield  member  now  more  closely 
satisfies  the  original  promise  of  two  cables  under 
one  sheath.  As  has  always  been  demonstrated  in  the 
past,  technology  moves  at  a rapid  pace.  Cables 
originally  manufactured  for  24  channel,  0.772  MHz 
transmission,  very  soon  were  also  required  to  be 
compatible  with  the  48  channel,  1.S76  Wz  system. 
Similarly,  cable  manufactured  today  must  be  designed 
with  potential  technology  improvements  in  mind. 

The  performance  level  of  the  "Dual-D"  shield  cable, 
for  48  channel  transmission  has  been  shown.  Future 
demands  on  the  carrier  cable  are  not  definitely 
known,  but  96  channel  duo-binary  transmission  at 
1.576  MHz  is  becoming  a serious  topic  of  discussion. 
The  high  NEXT  levels  of  the  "Dual-D"  shield  cable 
at  1.576  Mlz  certainly  warrant  further  evaluation 
for  this  application. 
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One  method  of  promoting  adhesion  of  vinyl 
insulation  to  the  copper-plated  steel 
conductor  in  drop  wire  is  to  selectively 
preheat  the  wire  immediately  before  the 
insulation  is  applied.  We  have  examined 
this  adhesion  phenomenon  by  construct- 
ing a compression  mold  that  closely 
approximates  the  bonding  conditions  en- 
countered in  drop  wire  extrusion. 

Our  experiments  have  shown  that  (1)  the 
adhesion  is  highly  reproducible  over  the 
relevant  wire  preheat  range,  (2)  the 
highest  values  are  obtained  at  275  + 

10°C,  (3)  there  is  an  upper  temperature 
limit  which,  when  even  slightly  exceeded, 
gives  irreproducible  and  inferior  insu- 
lation-to-conductor  bonds,  and  (4)  the 
bond  strength  improves  slowly  but 
measurably  with  time.  While  the  mechan- 
ism of  the  adhesion  is  not  understood 
it  apparently  depends  on  dehydroha lo- 
genation  of  the  PVC  resin  or  of  an 
appropriate  additive. 


INTRODUCTION 

An  essential  element  of  telephone  drop 
wire  design  is  the  adhesion  between  in- 
sulation and  the  copper-plated  steel  con- 
ductor, thus  assuring  transfer  of  load 
from  the  clamp  to  the  center  strength 
member  during  actual  service.  Some  man- 
ufacturers of  vinyl  drop  wire  achieve 
the  bond  by  precoating  the  wire  with  an 
adhesive  in  a separate  manufacturing 
step.  Others  rely  on  a simpler  method 
that  is  done  simultaneously  with  extru- 
sion of  the  vinyl  insulation.  It  con- 
sists of  preheating  the  conductor  to 
275°C  (about  100®  hotter  than  the  plastic 
melt)  just  before  entering  the  extruder. 

We  have  chosen  to  examine  the  vinyl-to- 
copper  bond  obtained  by  this  latter  route 
with  the  intent  of  understanding  and 
hopefully  identifying  ways  to  improve  it. 
In  particular,  we  were  interested  in  de- 
vising a laboratory  scale  test  that  would 
emulate  drop  wire  extrusion  but  also  con- 
sume only  a small  fraction  of  the  material 
required  in  large  production  machines. 


EXPERIMENTAL 

In  early  development  work1  at  Bell  Labors 
tories,  adhesion  between  vinyl  and  copper 
was  promoted  in  a way  that  is  difficult 
to  relate  to  drop  wire  construction.  Hot 
vinyl  insulation  compound  was  pressed 
against  solvent-cleaned  copper  sheets  for 
1-2  minutes  at  220-240°C,  after  which  the 
laminate  was  cooled  by  either  water 
quench  or  transfer  to  a cold  press.  Test 
ing  consisted  of  peeling  back  a strip  of 
plastic  and  measuring  the  required  force. 
While  this  test  method  qualitatively  pre- 
dicted adhesion  between  vinyl  and  copper, 
it  in  no  way  resembled  the  thermal  his- 
tory, contact  time  or  metallic  surface 
that  was  encountered  in  actual  production 
Furthermore,  it  did  not  provide  a way  to 
obtain  the  thermal  differential  between 
conductor  and  plastic  as  is  essential  in 
actual  practice. 

We  have  conceived  of  a process  which  is 
almost  identical  to  drop  wire  extrusion 
but  can  be  done  on  a laboratory  scale  to 
fully  predict  vinyl-copper  bonding  pro- 
perties as  found  in  final  product.  It  is 
modeled  after  a procedure  described  in 
ASTM  D1871,  "Rubber  Property-Adhesion  to 
Single-Strand  Wire".2  A 3/8"  wide  x 1/4" 
thick  x 6"  long  compression  mold  was  de- 
signed to  allow  ten  conductors  spaced  0.5 
inches  apart  to  pass  through  the  mold 
parallel  to  the  first  dimension.  The 
wires  were  electrically  insulated  from 
the  mold  with  Teflon  bushings  and  spa- 
ghetti tubing,  and  the  ends  of  each  were 
fastened  to  a terminal  strip.  A photo- 
graph of  the  complete  mold  is  shown  in 
Fig.  1.  Two  3/8"  x 6"  strips  were  cut 
from  a previously  prepared  1/8"  thick 
vinyl  sheet  and  placed  in  the  mold,  one 
strip  above  the  wires  and  one  below.  The 
cover  was  placed  on  top  and  the  entire 
assembly  heated  to  160°C  on  a steam 
press.  Each  of  five  pairs  of  wires  was 
connected  via  knife  switches  to  a "Ther- 
mal Monitor"  (Joyal  Products,  Linden, 
N.J.)  which  controlled  in  turn  a "Tweezer 
Weld"  Model  10KVA  220  VAC  electric  weld- 
ing unit  (Arvin  Automation,  Inc.,  Cedar 
Grove,  N.J.).  A simple  schematic  is 
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Figure  4 60  Cycle  Time/Meat  Curve 


Figure  2 Drop  Wire  Adhesion  Schematic 
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Molded  Adhesion  Sample  Before 
Testing 
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shown  in  Fig.  2.  The  Joyal  monitoring 
unit  was  capable  of  providing  precise 
amounts  of  current  by  delivering  pre- 
selected numbers  of  AC  cycles  of  a given 
amperage.  The  range  varied  from  zero  to 
one  hundred  cycles  of  current,  for  a 
maximum  heat  time  of  1 2/3  seconds. 

Initial  current  was  measured  at  75 
amperes.  After  the  five  pairs  of  con- 
ductors were  individually  pulsed  with 
appropriate  amounts  of  current,  the 
heated  mold  was  cooled  to  room  tempera- 
ture. 

The  conductor-insulation  bond  in  the 
actual  product  is  measured  by  first 
stripping  all  but  3/8"  insulation  from 
a length  of  drop  wire.  The  insulation 
is  restrained  and  the  conductor  is 
pulled  out  with  a simple  force  gauge  to 
measure  the  maximum  force  needed  to  re- 
move it.  In  our  case  a similar  pro- 
cedure was  followed.  The  mold  was  dis- 
assembled, the  test  assembly  allowed  to 
age  (for  24  hours  at  room  temperature 
and  50%  humidity)  and  the  wires  pulled 
on  an  Instron  machine  at  20  inches  per 
minute,  the  maximum  required  force  being 
recorded.  Figure  3 illustrates  the  test 
sample  just  before  measurement.  All  re- 
ported results  represent  the  average  of 
four  measurements  (two  separate  experi- 
ments each  involving  one  pair  of  wires) . 

The  wire  surface  temperature  was  cali- 
brated with  .010"  coppe.r-constantan 
thermocouples;  the  standard  test  cir- 
cuit is  diagrammed  in  the  schematic 
shown  in  Fig.  2.  Three  or  four  turns 
of  constantan  wire  were  wrapped  around 
a conductor  inside  the  mold  to  form  the 
surface  junction.  The  plastic  was  in- 
serted above  and  below  the  wires,  the  top 
placed  on  the  mold,  the  assembly  heated 
on  the  steam  press  and  the  conductor 
pulsed  for  various  cycle  settings  of  the 
welding  unit.  Temperature  was  measured 
immediately  after  the  welder  was  turned 
off  and  typically  decayed  to  the  origin- 
al 160°C  in  about  1-2  minutes,  depending 
on  the  settings.  Repetitive  measure- 
ments were  reproducible  to  +2°C.  A typi- 
cal recorder  trace  for  a 60  cycle  heat 
duration  is  shown  in  Fig.  4.  The  maxi- 
mum temperature-current  duration  calibra- 
tion curve  follows  as  Fig.  5.  Table  I 
summarizes  the  various  vinyl  formula- 
tions tested  in  the  apparatus. 

RESULTS 

Many  variables  may  play  a role  in  creat- 
ing predictable  bonds  between  drop  wire 
insulation  and  conductor,  such  as  composi- 
tion, cleanliness  and  temperature  of  the 
copper  surface;  plasticizer,  lubricant 
and  filler  concentrations  within  the 
vinyl  compound;  and  pressure,  contact 
time  and  cooling  rate  during  application. 


We  have  attempted  to  duplicate  the  ex- 
trusion conditions  of  drop  wire  fabrica- 
tion and  vary  the  vinyl  material  and 
copper  substrate. 

In  general,  with  very  few  exceptions,  no 
adhesion  occurred  when  no  current  was 
applied  to  the  wire  and  both  plastic  and 
conductor  were  maintained  at  160*C.  As 
the  surface  temperature  of  the  wire  was 
raised  to  250*  the  adhesion  steadily  in- 
creased. Between  250°  and  280s  bond 
strengthened  at  a more  rapid  rate,  the 
maximum  adhesions  occurring  at  surface 
temperatures  of  275-280*.  At  ^300°  the 
bond  deteriorated  rapidly  and  irrepro- 
ducibly,  sometimes  decaying  to  zero  ad- 
hesion. This  performance  was  confirmed 
for  many  different  vinyl  compounds  and 
several  different  copper  surfaces. 

1.  Conductor  Variations 

The  copper-plated  steel  conductor  can  be 
visually  quite  variable,  ranging  from 
bright  copper  to  dark  brown  or  purple. 
Furthermore,  unlike  drawn  copper  wire,  the 
plated  surface  is  fairly  rough.  In  our 
initial  experiments,  the  conductors  were 
polished  with  00  steel  wool.  Figure  6 
illustrates  the  results  for  the  two  con- 
ductor conditions,  polished  and  unpolished, 
for  Compound  A vinyl  insulation  compound. 
With  clean  polished  wire,  there  was  good 
consistence  from  experiment  to  experiment, 
usually  giving  adhesion  values  within  10% 
of  each  other  at  any  one  setting.  Bright, 
unpolished  wire,  however,  gave  more 
scattered  and  lower  values  than  the 
polished  wire.  For  instance,  the  maxi- 
mum bond  strength  of  the  latter  material 
was  one-third  weaker  relative  to  the 
smooth  wire. 

Compound  B was  also  tested  on  several  types 
of  conductors,  and  results  were  similar 
to  the  Compound  A experiment.  Cleaned 
and  polished  wires  consistently  gave 
stronger  bonds  than  the  unpolished  wires. 

It  is  noteworthy  that  little  differences 
between  the  various  colored  wires  could 
be  detected,  as  shown  in  Fig.  7.  The 
dark  oxide  surfaces  all  gave  virtually 
identical  adhesions  and  in  fact  were 
slightly  stronger  at  the  lower  tempera- 
tures than  the  cleaned  conductors.  In  a 
separate  experiment,  artificially 
"greasy*  conductors  were  created  by 
lightly  coating  them  with  mineral  oil  and 
then  wiping  clean  with  a paper  towel. 

This  treatment  proved  disasterous  to  ad- 
hesion, giving  no  bond  at  any  surface 
temperature. 

2.  PVC  Compound  Variations 

Four  parameters  were  examined  in  several 
vinyl  insulation  formulations  to  deter- 
mine their  effect  on  the  adhesion  to  the 
wire.  These  involved  variations  in 
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plasticizer,  lead  stabilizers,  filler  and 
epoxy  additives.  In  general,  the  indi- 
vidual changes  of  each  of  these  addi- 
tives exhibited  only  minor  effects  on  the 
overall  appearance  of  the  adhesion  curve. 
However,  when  taken  altogether  these 
second  order  effects  might  be  important 
in  optimizing  the  required  adhesion. 

A mixed  alkyl  phthalate  plasticizer  was 
varied  between  20  and  70  phr  (parts  per 
hundred  of  resin)  in  an  insulation  com- 
pound containing  only  resin,  plasticizer 
and  stabilizer,  summarized  in  Table  I 
as  Compound  D.  There  was  surprisingly 
little  effect  on  the  curve  from  stiff  semi- 
rigid insulations  up  to  highly  plasti- 
cized soft  ones,  as  graphed  in  Fig.  8. 

Only  the  20  phr  plasticized  material 
gave  extraordinarily  high  adhesions,  per- 
haps because  the  glass  transition  of  the 
material  was  near  room  temperature,  re- 
flecting a much  higher  tensile  strength 
of  the  compound  during  measurement. 

Compound  E represents  the  effect  on  ad- 
hesion of  surface-lubricated  lead  sta- 
bilizer, the  plasticizer  concentration 
being  maintained  at  50  phr.  While  there 
was  little  difference  between  two  un- 
coated tribasic  lead  sulfates,  Fig.  9 
shows  that  surface  lubricated  versions 
were  clearly  inferior  at  lower  preheat 
temperatures . At  the  optimum  wire  sur- 
face temperature  of  275-280°,  however, 
the  effects  of  the  filler  surface  treat- 
ments disappeared.  Similar  performance 
was  revealed  in  the  variable  filler  ex- 
periments, shown  in  Figures  10  and  11  for 
Compound  F,  also  at  a constant  50  phr 
plasticizer  concentration.  Significant 
changes  in  adhesion  of  the  materials  con- 
taining various  loadings  of  either  CaC03 
or  AI2O3  fillers  occurred  at  the  lower  J 
surface  temperatures,  but  again  most  of 
these  differences  disappeared  at  the  op- 
timum setting. 

Epoxy  resins  are  sometimes  incorporated 
as  additives  to  promote  adhesion  in  drop 
wire.  The  curves  in  Fig.  12  represent 
Compound  C containing  7 phr  tetrabromo- 
bisphenol  A epoxy.  Compound  A containing 
an  equimolar  quantity  of  the  non-halogen- 
ated  analogue,  and  the  control  containing 
no  epoxy.  Clearly  the  brominated  material 
aided  in  forming  the  bond  at  lower  heats, 
but  all  differences  were  erased  at  opti- 
mum settings.  We  conclude  that  dehydro- 
halogenation  probably  plays  a role  in  the 
adhesion  mechanism,  but  the  epoxy  moiety 
is  apparently  not  significant. 

3.  Aging  Studies 

All  drop  wire  must  meet  specifications 
that  include  adhesion  measurements  under 
certain  aging  conditions.  A typical  re- 
quirement demands  that  after  five  days  at 
room  temperature  the  newly  manufactured 


product  must  show  a bond  strength  of  at 
least  8 pounds  but  not  more  than  32 
pounds.  (The  minimum  is  to  assure  suffi- 
cient strength  of  final  product,  while 
the  maximum  guarantees  that  the  insula- 
tion can  be  stripped  by  the  installer). 

We  carried  out  one  experiment  where  5 
pairs  of  conductors  were  heated  with  60 
cycles  of  current  (corresponding  to  a 
surface  temperature  of  260°C)  and  then 
followed  the  bond  strength  with  time. 

The  initial  value  of  17  pounds  gradually 
increased  to  29  pounds  over  a period  of 
15  days,  as  shown  in  Fig.  13.  After  5 
days  the  bond  strengths  appeared  to  level 
off.  The  waiting  period  before  measure- 
ment is  apparently  justified. 

Another  requirement  demands  that  the 
aforementioned  limits  be  met  after  96 
hours  at  65°C  and  95%  humidity.  We 
measured  and  recorded  an  adhesion  curve 
for  Compound  A and  then  took  an  identical 
sample  and  aged  it  at  the  above  condi- 
tions to  determine  the  effect  on  the  bond. 
As  diown  in  Fig.  14,  heat  and  humidity 
apparently  have  little  effect  on  the  ad- 
hesion. 

Conclusions 

Our  investigation  of  vinyl-copper  adhe- 
sion shows  that  precise  heating  of  the 
two  materials  during  intimate  contact 
produces  a fairly  reproducible  bond. 

While  precise  comparison  with  actual  ex- 
trusion is  not  possible  due  to  the  diffi- 
culties in  determining  the  actual  temper- 
ature of  the  preheated  wire  during  ex- 
trusion, we  believe  our  experiments  con- 
ducted in  the  80  cycle  heat  range  close- 
ly approximate  actual  production  exper- 
ience. This  conclusion  is  based  on  the 
temperature  of  the  vinyl,  the  method  of 
preheating  the  conductor,  the  similarity 
of  our  values  with  production  numbers  and 
the  identity  of  all  components  in  both 
methods.  Assuming  our  measurements  are 
relevant  to  drop  wire  manufacture,  it  can 
be  seen  that  the  optimum  adhesions  occur 
in  a "window"  defined  as  275  + 10”.  Such 
a narrow  band  requires  precise  control  of 
temperature  of  the  wire  during  extrusion 
demanding  not  only  close  temperature 
monitoring  and  feedback  control  of  the 
heaters  but  also  adequate  shielding  of 
the  preheated  conductors  from  air  drafts. 

The  actual  mechanism  involved  in  the  ad- 
hesion is  not  understood.  While  it  could 
merely  involve  a physical  wetting  effect, 
it  more  probably  involves  a chemical 
reaction.  The  optimum  adhesions  were  ob- 
tained at  275-280°,  the  temperature  where 
dehydrohalogenation  of  the  PVC  matrix 
readily  takes  place.  Also  the  brominated 
epoxy  gave  optimum  numbers  at  reduced 
heats  presumably  due  to  facile  dehydro- 
bromination  at  lower  temperatures.  Higher 
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temperatures  caused  a rapid  reduction  in 
bond  strength  and  in  many  instances  zero 
adhesions  were  formed  in  the  vicinity  of 
300°C.  In  these  latter  cases,  the  ori- 
ginally bright  copper  was  tarnished  blue- 
gray  in  the  bonding  area  only.  Perhaps 
too  much  current  burned  the  vinyl  com- 
pound, leaving  a residue  next  to  the 
copper  surface  that  was  weak  and  friable. 
Where  successful  adhesions  were  en- 
countered, the  bright  copper  wire  was 
usually  not  discolored  (as  observed  after 
the  wire  was  pulled  out  of  the  test,  bar) . 
The  best  bonds  occurred  when  the  vinyl 
stuck  to  the  wire  after  measurement, 
usually  happening  when  the  surface  was 
heated  to  275°C. 

Finally,  we  conclude  that  it  would  be 
difficult  to  predict  the  adhesion  of  a 
newly  designed  compound  from  first 
principles  alone,  because  the  combined 
variations  due  to  filler,  plasticizer, 
lubricant  and  other  additives  are  too 
complex  to  explain.  We  prefer  to  simply 
test  the  new  material  by  the  new  method 
to  determine  its  adhesion  performance. 

If  the  extrusion  can  be  run  with  pre- 
heated wire  maintained  at  275-280°  the 
adhesion  will  be  more  or  less  independent 
of  the  particular  formulation  anyway. 
Temperatures  lower  than  this  will  pro- 
duce bonds  whose  quality  is  highly  de- 
pendent on  the  compound  ingredients  and 
temperatures  higher  than  this  will  give 
irreproducible  bonds  all  the  way  down  to 
zero  adhesion. 
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ABSTRACT 

Hook-up  wires  have  become  much  finer,  along 
with  the  recent  tendency  to  miniaturise  electronic 
appliances.  On  the  other  hand,  with  the  demand 
for  higher  reliability,  material  property  improve- 
ments have  been  required.  We  have  evaluated  the 
hook-up  wires  Insulated  with  cross-linked  poly- 
ethylene (XLPE)  and  cross-linked  polyvinylchloride 
(XLPVC)  for  general  purposes.  We  have  obtained 
some  typical  comments  in  addition  to  the  various 
results  for  designing  or  using  them. 

1.  INTRODUCTION 

There  are  two  ways  to  achieve  the  miniaturi- 
zation and  the  property  improvements  of  hook-up 
wires.  One  is  to  utilize  newly  developed  insu- 
lating materials  of  high  quality  such  as  fluori- 
nated  polymers.  The  other  is  to  modify  the  pro- 
perties of  conventional  Insulating  materials  by 
such  means  as  cross-linking.  We  have  manufactured 
hook-up  wires  insulated  with  XLPE  and  XLPVC  which 
are  commonly  used  for  insulation,  and  have  evalu- 
ated the  thermal,  mechanical,  electrical,  and  che- 
mical properties  as  follows: 

(1)  Dependence  of  properties  on  percent  gels 
which  show  the  degree  of  cross-linking. 

(2)  Comparison  of  properties  of  irradiated  XLPE 
which  is  commonly  used  for  general  purposes  with 
Chose  of  siloxane  XLPE  which  has  been  recently 
developed. 

(3)  Evaluation  of  various  properties  with  optimum 
percent  gels. 

These  are  summerlsed  in  the  results  and  discussion. 

2.  MECHANIZM  OF  CROSS-LINKING 

There  are  two  principal  manufacturing  methods 
for  cross-linking  polymers.  One  is  Irradiated 
cross-linking  using  electron  beams.  The  other  is 
chemical  cross-linking  using,  for  example,  peroxide. 
The  difference  between  both  methods  depends  on  the 
mechanisms  of  formation  of  the  polymer  radicals 
which  cause  the  reaction  of  cross-linking  in  poly- 
mers. In  irradiated  cross-linking,  the  polymer 
radicals  are  formed  by  irradiation  energy  of 
electron  beams.  But  in  chemical  cross-linking,  the 
polymer  radicals  are  formed  by  thermal  decomposi- 
tion of  peroxide. 


On  the  other  hand,  the  degradation  of  poly- 
mers by  scission  of  chains  of  polymer  molecules 
is  caused  at  the  same  time.  Polymers  are  classi- 
fied into  cross-linking  types  and  degradation 
types  according  to  the  difference  of  the  reaction 
rate  between  cross-linking  and  degradation.  The 
molecular  weight  of  polymers  increases  in  cross- 
linking  types,  but  decreases  in  degradation  types 
by  Irradiation. 


Classification  of  radiation 
effect  on  polymers 


~~ — —-^Types 
Radical'"''-^^, 

Cross-linking 

types 

Degradation 

types 

-H 

Polyethvlene 

— 

-CH-, 

Polypropylene 

Polyisobuthylene 

-ChHs 

Polystylene 

Polv  tnetbylstylene 

-C-0CH3 

Polymethyl- 

acrylate 

Polymethylmeth- 

acrylate 

-C-NHo 

H 

O 

Polyacrylamide 

Polymethylmeth- 

acrylate 

-Cl 

Polyvinyl- 

chloride 

Polyinyliden 

chloride 

-OR 

Polyvinylally 1- 
ester 

— 

2-1  XLPE 

Cross-lining  mechanism  in  XLPE,  such  as 
irradiated  cross-linking  and  chemical  cross-link- 
ing by  silane,  is  described  in  this  paragraph. 

(A)  Irradiated  XLPE 

The  mechanism  is  as  follows: 

(1)  -fCH2-CH2>n+  e*  » -4CH2-CR2)^ 

(2)  4CH2-CH2^  *•  4CH2-CH>-n  + H 

(3)  4CH2-CH»p  + -(CH-CH^  *■  -fCH2-OD-n 

-*CH-CH2>-n 

(B)  Siloxane  XLPE 

The  mechanism  is  as  follows: 

(1)  -^CH2-CH2>„  + Peroxide  > -fCH2-CH2^ 
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(2)  4CH2-CH2>-n 

+ CH2-CH-Si(OR)3 

(3)  4CH2-CH»-n  + h20 

(CH2)2-Si(OR)3' 


-(CH2-CHH. 

I 

(CH2)2-Si(OR)3 

<CH2-CH)-n 

(CH2)2-Si(OR)2 


(q}^)2-si(OR)2 

-^H-CH^ 


2-2  XLPVC 


Polyvinylchloride  is  cross-linked  by  irradi- 
ation of  electron  beams  in  a vacuum  or  inert  gases. 
In  air,  decomposition  is  mainly  caused  by  oxida- 
tion. For  the  purpose  of  preventing  this  decompo- 
sition, functional  monomers  are  Introduced  and 
added  to  polyvinylchloride. 

The  mechanism  is  as  follows: 


(1)  -fCH2-CHCl>-n  + e- 


-*CH2-CHC1-^ 


(2)  -fCH2-CHCl^  + Functional  -fCH2-CH^ 
monomer 


(3)  -(CH2-CH>n 


Functional  monomer 


+ Functional  monomer 


(CH-CH2)r 


Functional  monomer 


-(CH2-CH)-n 


Functional  monomer 


Functional  monomer 


-(CH-CH2»-n 


Typical  functional  monomers  are  shown  in  Table  2. 
The  acrylic  functional  monomers  such  as  TMPTA, 
TMPTM,  and  TMGDM  are  effective. 

Table  2 Functional  monomers 
I TMPTA  I Trimethylolpropane  triacrylate 


TMPTM 

Trimethylolpropane  trimethacrylate 

TMGDM 

Tetraethylene  glycol  dimethacrylate 

TAIC 

Trial lyl  cyanulate 

DAP 

Diallyl  phtalate 

TEGDM 

Tetraethylene  glycol  dlacrylate 

3.  PROPERTY  IMPROVEMENT  BY  CROSS-LINKING 

By 

cross-linking  polymers,  the  following 

properties  are  Improved: 

(1)  Thermal  properties 

(2)  Mechanical  properties 

(3)  Chemical  properties 


When  we  use  cross-linked  insulation  for  hook- 
up wires,  we  mainly  aim  to  improve  the  thermal  and 
mechanical  properties. 

Polyethylene  and  polyvinylchloride  have  their  own 
melting  point  and  softening  temperature  originally. 
If  they  are  heated  to  more  than  these  temperatures, 
they  will  melt  or  soften  and  be  deformed.  To  im- 
prove these  properties  the  structure  of  molecules 
is  changed  into  gels  by  cross-linking.  Cross- 
linked  polymers  become  more  resistant  to  melt  and 
soften. 

Because  of  the  above  mechanism,  the  thermal  and 
mechanical  properties  of  hook-up  wires  are  improv- 
ed. 

The  chemical  properties  are  also  improved,  because 
polymers  become  more  resistant  to  disolving  in 
various  solvents. 

As  for  the  thermal  properties,  there  are  two  typi- 
cal Improvements.  One  is  the  improvement  of  the 
property  of  heat  shock  and  the  other  is  that  of 
long  term  heat  stability. 

The  above  property  improvements  depend  on  percent 
gels  of  insulation.  The  percent  gels  are  defined 
as  follows: 

(A)  Percent  gels  of  XLPE 


Percent 
gel  s 


Weight  of  the  residue 

after  immersion x 100  (X) 

Weight  before  imnersion 


Immersion:  In  80°C  xylene  for  24  hours 
(B)  Percent  gels  of  XLPVC 


Percent 

gels 


Weight  of  the 
residue  after 

Imnersion 

Weight  before 
immersion 


Weight 

of 

fillers  x 100  (X) 
Weight  of 
fillers 


Immersion:  In  50°C  tetrahydrof lan  for  24  hours 

Generally,  the  higher  the  percent  gels,  the  better 
the  thermal  and  mechanical  properties  are  im- 
proved. However,  when  they  become  too  high,  the 
mechanical  properties  deterlorate-especlally 
elongation.  This  shows  that  cross-linking  is  a 
certain  process  of  degradation  of  polymers.  It  is 
very  important  to  fully  understand  the  relation  of 
the  properties  with  percent  gels,  and  to  utilize 
them  effectively. 

4.  EXPERIMENTAL 
4-1  Test  specimens 

Test  specimens  are  as  shown  in  Table  3 with 
various  gels. 
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Table  3 Test  specimens 


PE 

Polyethylene 
insulated  wire 

Conduc  tor 

I-XLPE 

Irradiated  XLPE 
Insulated  wire 

diameter:  0.5  mm 

S-XLPE 

Siloxane  XLPE 
insulated  wire 

Insulation 
thickness:  0.25  mm 

PVC 

Polyvinylchloride 
insulated  wire 

Overall 

diameter:  1.0  run 

XLPVC 

Irradiated  XLPVC 
insulated  wire 

4-2  Tests 


Table  4 Test  methods 


Items  Methods 

i 

Melting  point  test 

ASTM-D-2117 

2 

Heat  deformation  test 

JIS  C 3005 

3 

Tensile  test 

ASTM-D-1248 

4 

Heat  shock  test 

MIL-VJ-16878D 

5 

Wrapping  test  after 
heating 

— 

6 

Cold  bend  test 

MIL-W-16878D 

7 

Solderbilitv  test 

MIL-W-16878D 

8 

Abrasion  test 

JIS  C 3003 

9 

Slow  compression  test 

UL  Sublect  758 

10 

Cut-through  test 

UL  Sublect  758 

11 

Electrical  tests 

ASTM-D-149, 

257.  1531 

5.  RESULTS  AND  DISCUSSION 

The  properties  of  insulation  with  percent 
gels  are  shown  in  Figure  1-6.  As  shown  in 
Figure  1,  the  melting  point  of  XLPE  increases 


! 


deformation  and  percent  gels 


Figure  3 Relation  between  tensile 


strength  and  percent  gels 


o I -XLPE 
O S-XLPE 
A XLPVC 


Percent  gels  (%) 

Figure  4 Relation  between  elongation 
and  percent  gels 
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Table  5 Solderblllty  test 


Percent  gels  (%) 

Figure  6 Relation  between  100% 

modulus  and  percent  gels 

As  shown  In  Figure  2,  the  properties  of  heat  defor- 
mation are  Improved  with  increased  percent  gels. 

But  It  Is  undesirable  to  Increase  percent  gels 
extremely  because  of  deterioration  of  insulating 
materials.  The  tensile  properties  of  XLPE  and 
XLPVC  with  percent  gels  are  shown  In  Figure  3 and 
4.  The  yield  strength  of  XLPE  and  100Z  modulus  of 
XLPVC  with  percent  gels  are  shown  in  Fiugre  5 and 

6 respectively.  The  tensile  strength  Increases  up 
to  about  50%  gels  but  decreases  gradully  with  the 
Increasing  of  percent  gels.  On  the  other  hand,  the 
elongation  decreases  with  percent  gels,  especially 
more  than  about  80%  gels,  because  of  deterioration. 
Considering  this  result,  it  is  recommended  to  select 
50  - 80%  gels  for  cross-linked  Insulated  hook-up 
wires. 

Test  results  of  the  properties  with  optimum 
percent  gels  are  shown  in  Table  5-9  and  Figure 

7 - 12.  Various  data  were  obtained  as  to  the  pro- 
perties of  hook-up  wires  for  designing  and  using. 

The  properties  obtained  above  are  discussed  as 
follows: 

(1)  Thermal  properties 

There  are  two  objects  to  Improve  the  thermal  pro- 
perties; one  Is  Improvement  of  the  property  of  heat 
shock.  The  other  Is  that  of  long  term  heat  stabili- 
ty. We  utilize  the  property  of  heat  shock  for  such 
Improvements  as  solderblllty.  The  soldering 


pe  r t i e s 

Spec 

Melting 

Shr lnkage 

PE 

Deformed 

Shrank 

I-XLPE 

None 

None 

S-XLPE 

None 

None 

PVC 

Deformed 

Shrank 

XLPVC 

None 

None 

heat  deformation 


on  tensile  strength 
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Test  itsms 

Heat  shock 
test 

(150'Cxl  hour) 

Wrapping  test 
after  heating 
(150°Cxl  hour) 

Cold  bend 
test 

(-50°Cxl  hour) 


Specimens 

PE 

I-XLPE 

S-XLPE 

PVC 

Cracks 

Melted 

None 

None 

Deformed 

Dielectric  withstand 
<2  KV/1  min.) 

Break  down 
(melted) 

n 

Good 

Break  down 
(deformed) 

Cracks 

Melted 

None 

None 

Deformed 

Dielectric  withstand 
(2  KV/1  min.) 

Break  down 
(melted) 

Good 

Good 

Break  down 
(deformed) 

Cracks 

None 

None 

None 

None 

Dielectric  withstand 
(2  KV/1  min.) 

Good 

Good 

Good 

Good 

XLPVC 


None 


Good 


None 


Good 


None 


Good 


Note:  Mandrel  diameter  for  wrapping  or  bending  is  as  same  as  the  diameter  of  wire 


Table  7 Slow  compression  test 


— gad i us  of  edge 

0. 15mm 

1 . 6mm 

Specimens  ^ 

PE 

1.2kg 

10.5kg 

I-XLPE 

1.4 

13.0 

S-XLPE 

1.3 

11.5 

PVC 

1.5 

5.0 

XLPVC 

3.6 

7.6 

temperature  is  about  300<IC,  but  we  can  prevent 
damage  such  as  melting,  deforming  and  shrinkage 
of  insulation  caused  by  contact  with  materials 
such  as  solder.  Therefor,  we  can  increase  the 
efficiency  of  wiring  for  electronic  appliances. 
The  test  result  of  solderbility  is  shown  in 
Table  5.  The  un-cross-linked  Insulation  shrank 
back  and  melted  by  soldering,  but  the  cross- 
linked  insulation  did  not.  On  the  other  hand, 
we  utilize  the  long  term  heat  stability  for  in- 
creasing the  rating  or  using  the  hook-up  wires  at 
high  temperatures.  The  heat  deformation  for 
various  temperature  is  shown  in  Figure  7.  The 
deformation  of  polyethylene  increased  extremely 
at  temperatures  greater  than  the  melting  point- 
about  100°C,  but  that  of  XLPE  did  not  Increase 
so  much. 


5 


10 


20 


30 


5 


10 


20 


30 


Unaged 


Table  9 Electrical  properties 


" — — , Specimens 
Properties  

PE 

I-XLPE 

S-XLPE 

PVC 

XLPVC 

Volune 

Resistivity  (ft-cm) 

Above 

1x10*6 

Above 

lxlO16 

lxlO15 

lxlO15 

Breake  down 

Above 

Above 

Above 

Above 

Above 

voltage  (A.C.  KV) 

30 

30 

30 

30 

30 

Dielectric 
constant  (at  1MHz) 

2.3 

2.3 

2.4 

6.0 

6.5 

Dissipation 
factor  (at  1MHz) 

3.0x10** 

3.0x10-* 

5.0x10“* 

1 33| 

9xl0“2 

U>ad  (Kg)  Number  of  strokes  Elongation  (X) 


Figure  9 Influence  of  temperature 
on  elongation 


Figure  11  Influence  of  temperature 
on  cut-through  properties 


We  can  use  polyethylene  at  higher  temperatures 
than  the  original  melting  point  by  cross-linking. 
This  tendency  is  also  seen  in  XLPVC.  The  tensile 
properties  are  shown  in  Table  8,  Figure  8 and  9. 

As  shown  in  these  Table  and  Figures,  the  tensile 
properties  show  as  same  tendency  as  that  of  heat 
deformation. 

(2)  Mechanical  properties 

With  increase  of  percent  gels,  the  properties  of 
tensile  strength,  abrasion,  slow  compression  and 
cut-through  are  improved,  but  elongation  proper- 
ties are  deteriorated.  Improvement  of  abrasion 
properties  are  shown  in  Figure  10.  The  improve- 
ment of  the  property  of  XLPVC  is  evident  compared 
with  that  of  XLPE,  therefore  the  XLPVC  insulated 
hook-up  wires  are  widely  used  for  wire  wrapping. 
This  tendency  is  seen  in  the  results  of  the  slow 
compression  test  shown  in  Table  7 and  the  cut 
through  test  shown  in  Figure  11.  This  phenomenon 
relates  to  the  hardness  of  the  polymers.  The 
yield  strength  of  XLPE  and  the  100X  modulus  of 
XLPVC  with  percent  gels  are  shown  in  Figure  5 and 
6 respectively.  The  values  increase  at  about  501 
gels  extremely.  And  at  more  than  about  501  gels 
they  Increase  gradually  according  to  the  increase 
of  percent  gels. 

(3)  Electrical  properties 

Generally  polyethylene  and  polyvinylchloride  pos- 
sess excellent  electrical  properties,  and  are  not 
affected  by  cross-linking  practically.  So,  origi- 
nal electrical  properties  of  these  insulating 
materials  can  be  utilized. 

(A)  The  chemical  properties 

The  chemical  properties  at  high  temperature  are 
Improved  by  cross-linking  in  this  resistance  to 
disolving  in  various  solvents. 
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(5)  Long  term  heat  stability 


L.D.  Loan  and  W.A.  Salmon,  Bell  Laboratory 
Record,  239.  Sept. 
1972. 


The  life  of  irradiated  XLPE  and  slloxane  XLPE  is 
estimated  in  Figure  12  by  means  of  Arrhenius’  plots 
Consequently  the  following  typical  results  are 
obtained. 
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(A)  With  more  than  about  50%  gels,  the  mechanical 
and  especially  thermal  properties  are  improved 
remarkably,  but  with  more  than  about  90%  gels,  the 
mechanical,  especially  tensile  properties  dete- 
riorate. 


(B)  Greater  deterioration  of  mechanical,  especial- 
ly tensile  properties  has  been  observed  in  irra- 
diated XLPE  than  in  siloxane  XLPE,  when  percent 
gels  are  more  than  about  90%. 


Mr.  Ishibcshi  received  B.S.  degree  in  chemistry 
from  Saitama  University  in  1959  and  has  been 
engaged  in  research  and  development  of  plastic 
materials  and  manufacturing  method  for  electronic 
and  telecommunication  cables. 

Mr.  Ishibashi  is  a member  of  the  Society  of 
Polymer  Science  of  Japan. 


(C)  In  case  of  optimum  percent  gels,  irradiated 
XLPE  are  superior  to  siloxane  XLPE  regarding 
mechanical  properties  and  long  term  heat  stability 


6.  CONCLUSION 


Property  improvements  of  polyethylene  and 
polyvinylchloride  by  cross-linking  with  various 
test  results  are  described.  This  achievement  can 
be  applicable  not  only  for  hook-up  wires  but  also 
for  products  in  various  fields  such  as  shrinkable 
tube  and  highly  expanded  plastic,  as  melting  points 
and  softening  temperatures  increase.  It  is  also 
advantageous  for  printing  and  adhesion  because  of 
oxidation  and  grafting  on  the  surface  of  insula- 
tion. And  we  can  use  these  cross-linked  insu- 
lations for  the  control  wires  and  cables  in  nuclear 
power  plants  by  adding  properties  such  as  flame 
resistance,  anti-radiation,  and  non-corrosion. 
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ABSTRACT 

A retractile  cord  offers  space-saving  and  safety 
advantages  over  a straight  cord.  Retractile  cords 
vary  In  sire  and  design  of  the  cord  cross-section. 
Among  the  requirements  for  a retractile  cord  are 
pull -force  and  retraction  after  extension.  Pull 
force  and  retractibllity  depend  on  cord  design  and 
polyuer  properties.  An  analysis  of  the  Mechanics 
of  deformation  of  a retractile  cord  was  made  using 
the  coil-spring  equation  which  shows  that  the  pull- 
force  is  related  to  the  polymer  modulus,  and  geo- 
metrical factors  (coll  radius,  coll  length,  and 
cord  diameter).  Modulus  of  polymer  is  temperature, 
strain,  and  time  dependent.  Calculations  show  that 
In  certain  cord  construction,  the  insulation  is  the 
load-carrying  material  despite  the  fact  that  Its 
cross-sectional  area  Is  less  than  that  of  the 
Jacket.  Estimates  of  the  shear-strain  In  the  insu- 
lation upon  extension  of  the  retractile  cord 
ranged  from  a few  percents  to  over  20%,  depending 
on  cord  construction. 


Different  manufacturers  of  retractile  cords  have 
developed  their  own  methods  of  testing  to  meet 
these  requirements,  it  Is  not  the  purpose  of  this 
paper  to  go  Into  these  testing  methods.  Rather,  we 
are  concerned  with  relating  polymeric  properties  to 
cord  performance. 

MECHANICS  OP  A COIL  SPRING 
Force-Deflection  Equation 

The  mechanics  of  deformation  of  a classical  coll 
spring  provides  a basis  In  relating  the  retractile 
cord  performance  to  polymer  properties. 

A coll  spring  Is  shown  In  Figure  1 as  having  a 
coil  radius  of  R wound  from  a solid  element  having 
a diameter  d and  a length  of  1.  Ne  want  to  know 
the  relationship  between  the  force,  f , required  to 
extend  the  coil  spring  by  a distance  AY.  The  so- 
lution to  this  classical  problem  is  given  In  the 
literature.'1 
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INTRODUCTION 

A familiar  example  of  a retractile  cord  nay  be 
found  in  our  telephone.  Other  applications  of  the 
retractile  cord  will  be  found  In  communication  and 
test  equipment.  Retractile  cord  offers  space- 
saving and  safety  advantages.  When  not  In  use,  it 
retracts  out  of  the  way,  thereby  minimizing  Its 
potential  of  being  a safety  hasard. 

A retractile  cord  Is  made  by  winding  a straight 
cord  on  a mandrel,  heat-setting,  and  unwinding.  A 
cord  generally  cons* -ts  of  several  insulated  con- 
ductors wrapped  by  a Jacket.  The  nudier  of  con- 
ductors varies  from  two  for  a simple  test  lead  to 
more  for  communication  application. 

Retractile  cords  are  made  in  various  slsas. 

The  coll  diameter  ranges  from  a fraction  of  an 
inch  to  several  Inches.  The  cross-section  of  the 
cord  itself  also  varies  - from  rlbbon-llke  to 
circular.  In  most  cases,  a major  portion  of  tha 
cord  consists  of  polymeric  materials. 

Retractile  Cord  Performance  Requlreswnts 

Performance  requirement  of  retractile  cord 
will,  of  course,  vary  depending  on  specific  appli- 
cation. Two  requirements  are  common  to  most 
applications.  These  are  the  pull  force  and 
retraction.  Pull  force  refers  to  the  effort  re- 
quired to  extend  the  coll,  and  retraction  refers  to 
the  ability  of  the  cord  to  return  to  its  colled 
configuration  whan  not  In  use. 


F 

w 

where 


AY  - extension  of  the  colled  spring 
F - force 

R » radius  of  the  coil 
1 - length  of  the  unwound  spring 
d m diameter  of  the  element 
G ■ shear  modulus  of  the  spring 
material 


The  derivation  of  the  equation  rests  on  the 
observation  that  the  extension  of  the  coil  results 
from  the  twisting  of  the  differential  elements 
which  result  in  the  deflection  or  extension  of  the 
coll. 

Geometrically,  the  equation  states  that  the 
stiffness  of  the  coll  spring  depends  Inversely  on 
its  radius  squared.  Inversely  to  its  length  and 
depends  strongly  on  the  diameter  of  the  element, 
namely,  the  diameter  to  the  fourth  power. 

From  a material  standpoint,  it  Is  the  modulus 
of  the  material  which  determines  the  stiffness  of 
the  coil.  Modulus  Is  defined  as  the  ratio  of 
stress/straln.  Factors  affecting  the  modulus  of 
polymers  will  be  briefly  examined. 


Stress  and  Strain  Resulting  from  Coll  Spring 

Deformation 

As  part  of  the  derivation  of  the  force -def let ion 


equation  for  a coil  spring,  two  equations  relating 
the  stress  and  strain  of  the  spring  Material  to  the 
coil  deflection  can  also  be  developed.  These  are: 

2 cr  *1 
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where  a - maximum  shear  stress  in  the 

" element  due  to  coil  deflection 

V|a  - maximum  shear  strain  in  the 

element  due  to  coil  deflection 


He  will  soke  use  of  these  equations  shortly, 
first,  let  us  consider  briefly  the  load -carrying 
functions  of  the  insulation  and  the  Jacketing  ma- 
terials. 


Insulation  Carries  the  Load 

Consider  a cord  with  a cross-section  as  shown  in 
figure  2. 

The  cord  consists  of  two  insulated  conductors 
covered  by  a Jacket.  The  diameters  of  the  con- 
ductors, the  insulation,  and  the  dimensions  of  the 
Jacket  are  given.  He  want  to  compare  the  relative 
load-bearing  functions  of  the  insulation  and  the 
Jacketing  materials.  He  will  not  consider  the  con- 
ductor. 

The  cross  sectional  areas  of  the  insulating 
tubing,  and  the  Jacketing  can  be  calculated  using 
simple  formulas.  These  calculations  show  that  the 
Jacketing  material  occupies  roughly  six  times  the 
area  of  the  insulation  tubing.  On  the  other  hand, 
the  Insulation  and  Jacketing  can  be  made  of  differ- 
ent materials.  Let  the  Jacketing  be  made  of  7 
plasticized  vinyl  with  a modulus  of  roughly  10 
dyne/ cm  . For  the  insulation,  some  of  the  com- 
mercially available  thermoplastic  elastomers  have 
modulus  of  10  . The  ratio  of  the  moduli  of  insu- 
lation to  Jacketing  material  is  therefore  much 
larger  than  six.  Upon  deformation,  the  insulation 
will  carry  most  of  the  load.  In  this  instance, 
particular  attention  must  be  paid  to  the  mechanical 
properties  of  the  insulation  material. 


Shear  Strain  Hhen  a Colled  Cord  is  Extended 

As  a retractile  cord  is  extended,  shear strain 
develops  in  the  material.  If  we  take  six  feet  of 
the  cord  shown  in  figure  2,  and  wind  it  into  a 
0.25  inch  radius  cord,  a coil  having  46  turns,  and 
8.3  inches  long  will  be  obtained. 

Extension  of  this  coll  to  36  inches  will  have 
extended  the  coil  4.4  times  its  original  length. 
The  sheer  strain  in  the  Insulation  material  can  be 
calculated  from: 
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0.031  or  3. IX 


This  shows  that  although  the  overall  extension 
of  the  coil  is  large,  the  actual  strain  of  the 
material  is  quite  low,  of  the  order  of  a few  per- 
cents in  this  example. 

It  ia  obvious  that  the  value  of  the  strain  will 
vary  depending  on  cord  deelgn  and  use  requirement . 


In  another  retractile  cord  application,  a value  of 
strain  as  high  as  20X  was  calculated. 

POLYMER  PROP  EKTI ET; 

Material  property  enters  into  the  coil  spring 
equation  simply  by  its  modulus.  Modulus  of  polymers 
depends  on  many  factors.  Among  these  are:  tempera- 
ture, time  and  strain. 

Modulus-Temperature  of  Polymers 

Temperature  has  the  most  profound  effect  on  the 
modulus  of  polymers,  figure  3 shows  the  modulus- 
temperature  profiles  of  several  common  polymers, 
including  examples  of  plastics  and  rubbers. 

At  sufficiently  low  temperatures , all  polymers 
become  glassy  with  modulus  of  the  order  of  10lu 
dyne/cm  . In  its  glassy  state,  a polymer  is  stiff, 
brittle,  and  fractures  with  low  elongation.  Hith 
increasing  temperature,  a polymer  undergoes  a glass 
transition  where  the  modulus  decreases  by  two  or 
more  orders  of  magnitude  over  a narrow  temperature 
range.  Above  the  glass  transition  temperature,  the 
polymer  becomes  njbbery  where  the  isodulus  is  of  the 
order  of  10°  - 10  dyne/cm.  In  its  rubbery  state, 
a polymer  can  be  stretched  to  high  elongation,  and 
shows  recovery  when  the  force  causing  the  elongation 
is  released. 

In  figure  3,  A and  B are  examples  of  thermo- 
plastics. C,  0,  and  E are  examples  of  rubbery  ma- 
terials. 

More  specifically,  A Is  an  ABS  plastic.  The 
decrease  in  modulus  around  -80°C.  is  due  to  the 
glass  transition  of  the  rubber  which  functions  as 
the  impact  modifier. 

Curve  B is  that  of  a high-density  polyethylene, 
for  polyethylene,  the  presence  of  crystallinity 
dominates  its  mechanical  properties  so  that  the 
glass  transition  is  not  apparent  from  these  data. 

At  temperatures  slightly  higher  than  what  is  shown 
here,  polyethylene  melts  and  the  material  becomes 
a viscoelastic  fluid. 

Curve  C shows  the  behavior  of  a polyurethane. 
Curves  D and  E represent  an  EPCM  and  a nitrile 
rubber  respectively.  The  data  were  obtained  on  raw 
gums,  for  crosslink ed  versions  of  these  materials, 
the  modulus  would  show  less  of  a dependence  on 
temperature  above  its  glass  transition  temperature. 

Data  such  as  these  are  useful  for  material  se- 
lection. The  pull  force  depends  on  the  modulus  of 
the  material.  Hhere  a retractile  cord  is  to  be 
used  at  low  temperatures,  the  glass  transition  will 
determine  whether  a material  is  suitable. 

Stress-Strain  Behaviors  of  Polymers 

In  comparing  different  polymers,  it  is  common 
practice  to  compare  their  tanaile  strength  and 
their  elongation  at  break,  for  rubber  compounds, 
the  moduli  at  100  and  200%  elongations  are  often 
available. 

for  retractile  cord  application,  it  is  necessary 
to  look  at  the  stress-strain  behaviors  of  polymers 
in  greater  detail. 

figure  4 depicts  the  stress-strain  behaviors  of 
typical  plastic  and  rubbers. 

Curve  A represents  the  behavior  of  a plastic. 

It  is  typified  by  high  modulus.  It  exhibits  a 
yield  point  at  low  elongation.  At  fracture,  the 
percent  elongation  is  about  15.  Hhile  it  finds 
wide  application  as  an  engineering  plastic,  for 
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Instance  as  appliance  housings  and  other  nolded 
products,  it  is  not  suitable  for  retractile  cord 
application  because  its  elongation  is  too  low. 

Curve  B is  the  stress-strain  behavior  of  a 
thermoplastic  elastomer.  Its  modulus  is  lower  than 
that  of  the  plastic  but  higher  than  most  rubbers. 

It  also  yields,  as  evidenced  by  the  maximum  in  its 
stress-strain  diagram.  At  higher  elongation,  the 
tensile  specimen  necks  and  draws.  While  this  ma- 
terial has  sppllcation  in  the  retractile  cord  area 
because  its  high  modulus  allows  it  to  function  as 
the  load  carrying  element  of  the  cord  construction. 
The  fact  that  it  yields  at  around  25%  is  a limi- 
tation. 

Curves  C and  D are  additional  examples  of 
thermoplastic  elastomers.  Their  moduli  are  lower 
compared  to  that  of  plastic.  They  do  not  show  a 
yield  point,  for  retractile  cord  application  where 
the  strain  on  the  material  is  high,  polymer  C or  D 
would  be  a better  choice  than  polymer  B. 

Cord  Retraction  and  the  Time-Dependent  Properties 
of  Polymers 

In  retractile  cord  construction,  we  are  con- 
cerned also  with  its  retractibllity.  Ideally,  a 
retractile  cord  should  return  completely  to  its 
coiled  configuration  when  it  is  not  acted  on  by  an 
external  force. 

Comparison  of  various  polymers  for  retractlbil- 
lty  can,  of  course,  be  achieved  by  constructing 
cables  and  slaulation  testing.  This  is  time-con- 
suming and  expensive.  Another  approach  is  through 
the  evaluation  of  the  time-dependent  properties  of 
polymers. 

Stress  Relaxation 

A very  useful  technique  in  studying  the  time-de- 
pendence of  polymer  properties  is  by  stress  relax- 
ation. In  a stress  relaxation  experiment,  a speci- 
men is  extended  rapidly  to  a predetermined  e- 
longation,  and  the  force  required  to  hold  the 
specimen  at  that  fixed  elongation  is  measured  as  a 
function  of  time.  The  rate  of  change  of  the  force 
provides  a parameter  for  material  comparison.  At 
the  end  of  the  stress  relaxation  experiment,  the 
deformation  on  the  specimen  can  be  reversed  and 
the  elongation  at  which  the  forci  drops  to  zero  is 
measured.  This  gives  a measurement  of  "set". 

For  correlation  purposes,  the  force-time  data 
from  the  stress  relsxatlon  experiments  can  be  de- 
scribed by  a linear  logarithmic  equation:  ’ 


are  shown  in  Figure  6. 

Over  a wide  range  of  elongations,  both  the  in- 
itial elongation,  remain  low  and  constant.  For 
retractile  cord  application  where  the  strain  on  the 
material  will  be  high,  a material  showing  these 
characteristics  will  be  a good  choice. 

CONCLUSIONS 

The  mechanics  of  deformation  of  a retractile 
cord  was  analyzed  through  the  coil-spring  equation. 
Estimates  of  the  shear-strsin  in  the  insulation 
upon  extension  of  the  retractile  cord  ranged  from 
a few  percents  to  over  20%,  depending  on  cord  con- 
struction. 

Pull  force  and  retractibllity  depend  on  cord 
design  and  on  polymer  modulus.  The  effects  of 
temperature,  strain,  and  time  on  polymer  modulus 
were  presented.  The  time-dependent  behavior  of 
polymer  was  evaluated  by  stress-relaxation  experi- 
ments. The  rate  of  stress  relsxatlon  and  deform- 
ation set  at  the  end  of  stress  relaxation  were  use- 
ful parameters  for  material  comparison. 

Much  remains  to  be  done,  however,  in  the  area  of 
relating  cord  performance  to  polymer  properties. 
Interaction  between  cord  manufacturers  and  material 
producers  is  needed  to  develop  the  correlation  be- 
tween actual  performance  and  laboratory  measure- 
ments. 
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log  (stress)  « a ♦ b log  (time) 

The  parameter  b is  negative  and  is  proportional 
to  the  percent  decrease  of  the  force  per  decade  of 
time.  The  higher  the  absolute  value  of  b,  the 
more  rapidly  would  the  force  decrease  with  time. 

Stress  relaxation  results  on  polymer  B (Figure 
4)  are  shown  in  Figure  5 at  10  and  30%  elongations. 
While  the  rates  of  stress  relaxation  as  measured  by 
the  parameter  b are  not  significantly  different  at 
10  and  30%,  the  elongation  set  as  a percent  of  the 
initial  elongation  is  higher  at  30%  initial  e- 
longation  compared  to  10%.  These  results  show 
that  polymer  B is  not  suitable  in  application 
where  high  strain  on  the  cord  material  is  expected. 

Results  of  stress  relaxation  experiments  on 
polymer  C at  10,  20,  50  and  100%  initial  elongation 
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ABSTRACT 

It  is  well  known  by  all  of  us  that  test  results 
obtained  in  a laboratory  are  greatly  influenced  by 
the  conditions  under  which  such  tests  are  performed. 
Polyethylene  tensile  tests  conducted  on  molded  slabs 
well  proves  this  fact. 

A problem  which  we  frequently  crane  across  on  tension 
testing  with  different  types  of  polyethylenes  used 
for  telephone  cable  insulation  is  the  rupture  of  the 
’TXmbbell"  specimen  at  the  shoulder  or  at  the  widen- 
ing point. 

Some  procedures  and  specifications  normally  used  on 
tension  testing  on  sane  polyethylenes  do  produce  the 
above  problem,  thus  causing  the  specimen  to  break 
before  reaching  its  total  extension. 

The  different  testing  procedures  as  requested  by 
A5IM,  REA,  BS,  VIE,  UNE,  etc.  plus  that  of  each 
individual  user  do  not  usually  agree  in  type  of 
specimen  or  in  conditions.  In  some  cases  tolerance 
values  are  given  which  decisively  influence  the 
results. 

In  this  Paper  we  have  analyzed  the  influence  which 
testing  speed  and  shape  of  the  specimen  (including 
thickness  and  width)  have  upon  the  premature  rupture 
of  the  specimen  at  the  shoulder.  We  are  also  pro- 
posing a corrected  method  to  obtain  more  reliable 
and  consistent  information. 


1.  The  nature  and  importance  of  tension  testing  on 
polyethylenes 

Tension  testing  is  probably  one  of  the  most  wide- 
ly used  requirements,  however  its  theoretical  as- 
pect is  not  that  well  understood  thus  quite  often 
overestimated.  A good  understanding  of  this  test 
is  important  as  the  results  obtained  do  greatly 
differ  with  changes  in  testing  parameters.  The 
most  iaportant  ones  are: 

. Testing  temperature 
Testing  speed 

. Thermal  history  of  the  specimen 
. Molecular  orientation  of  the  specimen 
Shape,  thickness  and  width 

Should  these  factors  not  be  properly  chosen  for 
each  individual  polyethylene  or  group  of  polyethy- 


lenes with  the  same  behavior,  one  could  obtain 
ruptures  which  are  not  within  the  reference  marks 
of  the  test  (at  the  shoulder  or  widening  part  of 
specimen) . These  results  would  obviously  be 
incorrect  and  in  turn  would  lead  to  an  erroneous 
evaluation  of  the  material. 

1.1  The  most  important  concepts  of  tension  test- 
ing 

Figure  1 shows  us  a typical  experimental 
curve  of  a polyethylene  tension  test.  This 
curve  represents  a load  as  a function  of 
time  or  an  increase  in  length  (L-L  ) , since 
the  time  and  the  increase  in  length  are 
equivalent . 


F-eqa/ie.  1 
Ten&ite  Cu*ve 


The  symbols  used  are  as  follows: 

Lo  » Original  length 

L ■ Length  at  any  given  time 

E • Young's  modulus 

oy  ■ Yield  stress 

ol  ■ Stress  at  inflexion  point 

’ Tensile  strength  at  break 


225 


= Elongaton  at  yield 
= Elongation  at  inflexion  point 
= Elongation  at  break 


One  can  calculate  the  tensile  strength  (a) 
as  a function  of  the  original  cross  section. 
As  the  specimen  cross  section  decreases  dur- 
ing the  stretching  process,  the  true  tensile 
strength  is  always  greater  than  that  calcu- 
lated. 


FiquAe  2 

Formation  oX  the  neck 


The  crossectional  area  of  the  specimen  can  be 
calculated  at  any  time  starting  from  the 
original  area  (Aq)  by  the  following  express- 
ion: 


Ao  IS. 


Elongation  (e)  is  a function  of  time  and  can 
therefore  be  expressed  in  the  following  way: 


— — « — , where  K is  the  speed  of 


elongation  or  jaw  separation. 


The  above  mentioned  elongation  can  sometimes 
be  substituted  by  what  is  called  "true  elon- 
gation (ev)  defined  as: 


dL  , L 

— » In  — 


Tensile  strength  (°B)  and  elongation  at  break 
point  (eg)  are  in  practice  the  terms  most 
comonly  used.  These  terms  are  profoundly 
affected  when  the  specimen  breaks  at  the 


shoulder,  thus  not  reflecting  its  true  strength 
and  elongation. 


1.2  A study  of  the  tension  testing  curve 


The  tension  testing  curve  can  be  divided  into 
the  following  regions: 


Region  L: 


The  part  of  the  curve  from  origen  to  point  N 
(where  it  begins  to  narrow  down  or  where  the 
neck  starts  to  form  as  shown  in  figure  2) . 


In  this  region  on  which  the  curve  shows  the 
yield  point,  the  specimen  is  subject  to  a 
more  or  less  uniform  deformation  along  this 
part  (P)  as  shown  in  figure  2,  where  the 
elongation  is  proportional  to  the  stress. 
Before  reaching  point  N (where  the  narrowness 
or  neck  starts  to  form)  the  stress  drops  due 
to  the  formation  of  same. 


From  an  applicational  point  of  view  this 
part  of  the  curve  in  practice  is  the  most 
interesting  as  it  covers  the  maximum  stress 
and  elongation  to  which  the  conductor  insula- 
tion is  going  to  be  submitted. 


Region  D: 


This  region  also  called  "cold  drawing"  is 
where  the  stress  rate  of  increase  is  very 
small  compared  to  the  elongation.  The  neck 
or  narrow  point  which  it  has  formed, 
gradually  runs  along  the  length  of  the  speci- 
men, the  main  extension  or  elongation  being 
located  in  this  region.  IXiring  this  process 
crystallite  reorientation  takes  place  due  to 
the  drawing  of  the  polymer  in  the  direction 
of  the  extension. 


Region  0: 


In  this  region  the  narrow  portion  or  neck 
has  extended  along  the  length  of  the  speci- 
men and  once  again  the  stress  starts  to  rise 
at  the  same  time  as  the  specimen  stretches. 


A more  uniform  drawing  takes  place  in  this 
area,  thus  increasing  considerably  the  mole- 
cular orientation  of  the  material  to  rupture 
point. 


1.3  Considerations 


1.3.1  Thermal  histor 


The  thermal  history  of  the  sanple  from 
which  the  "dumbell"  specimens  are 
obtained  is  an  important  consideration. 
Variations  in  processing  the  molded 
slabs  can  greatly  affect  final  results. 
An  in-depth  study  of  this  factor  would 
make  this  paper  much  too  long.  Ve 
shall  try  to  explain  this  point  in 
general  terms  which  will  help  us  to 
understand  the  remainder  of  this  paper. 


The  polyethylene  is  formed  by  large 
molecules  which  make  an  orderly  state 


shown  in  figure  3 was  an  Instron  dynamometer 
model  1026  equipped  with  special  rubber  jaws. 
The  ambient  temperature  was  maintained  at  23°C 
and  a relative  humdity  of  501. 


difficult  to  achieve  as  it  is  amorphous- 
ly cooled  (cast)  to  its  solid  state.  The 
influence  cooling  has  on  highly  branched 
polyethylenes  is  quite  low.  The  branch- 
ing points  avoid  the  progression  of 
crystallites  above  a certain  level. 
Nevertheless  there  is  an  apparent  influ- 
ence on  low  chain  branched  polymers, 
which  can  themselves  reach  a high  degree 
of  crystallinity.  For  this  reason  and 
keeping  in  mind  the  low  branch  polymers, 
one  can  obtain  a high  level  of  crystal- 
lites with  slow  cooling  from  the  melt 
stage  to  the  solid. 

A joint  organization  of  the  crystallites 
on  slow  cooling  is  also  allowed,  thus 
forming  large  spherulites  (small  associa 
ted  and  tridimensional  ordinand  glasses) 
On  the  other  hand  rapid  cooled  polyethy- 
lene contains  smaller  spherulites  and 
greater  amorphous  regions.  The  problem 
we  are  working  on  in  this  paper  is 
considerably  accentuated  when  tlie  speci- 
men is  slowly  cooled  from  melt  to  solid. 
The  effect  of  the  treatment  or  thermal 
history  in  polyethylenes  is  greater  the 
higher  the  density. 

1.3.2  Molecule  orientation 


The  molecules  in  conpression  molded 
materials  have  practically  no  orientation 
at  all.  Tension  testing  results  and 
rupture  problems  for  this  reason  are  go- 
ing to  be  influenced.  A polyethlene 
which  breaks  before  reaching  its  com- 
plete cycle  may  not  experience  this  prob- 
lem when  tested  with  extruded  material 
specimens.  Extruded  polymers  possess  a 
strong  orientation  in  the  direction  of 
extrusion.  The  results  of  the  tensile 
strength  at  break  and  elongation  tests 
will  be  considerably  improved  when  the 
material  has  its  molecules  orientated 
in  the  same  direction  of  the  stress 
imposed. 

The  granules  of  material  for  this  study 
were  first  put  through  a rolling  mill 
with  its  rollers  properly  heated  to 
homogenize  and  melt  the  granules.  The 
compound  so  obtained  was  then  molded  in 
a press  which  has  an  extremely  high  cool- 
ing capacity.  The  time  taken  up  in 
lowering  the  temperature  from  180°C  to 
30° C was  approximately  three  minutes.  The 
uniformity  of  the  cooling  was  practically 
uniform  at  all  points  of  the  surface  in 
the  mold. 


VunamomeXeA 


Figure  4 shows  a typical  curve  of  tension 
tests  on  low  density  high  molecular  weight 
polyethylenes  used  for  cable  insulation. 

Point  A corresponds  to  ruptures  with  the  type 
of  specimen  and  testing  method,  as  described, 
which  are  comnonly  used  in  accordance  to  some 
specifications. 

Point  B corresponds  to  ruptures  using  a modi- 
fied type  of  specimen. 

In  this  case  the  specimen  has  only  been  modi- 
fied with  regards  to  its  shape,  keeping  in 
this  way  the  same  width  and  thickness.  Test- 
ing conditions  have  also  been  identical  (speed 
of  separation  between  jaws:  500  mm/min.). 

With  some  types  of  polyethylenes  a modification 
in  the  shape  of  the  specimen,  keeping  constant 
other  factors,  may  avoid  ruptures  at  the 
shoulder  or  widening  point. 


In  this  study  we  have  centered  ourselves 
on  two  factors  which  we  consider  extreme 
ly  important;  the  speed  of  the  test  and 
the  type  of  specimen  (shape  and  crossec- 
tion  area). 


The  rupture  of  the  specimen  at  point  A is 
produced  at  the  shoulder,  whereas  in  point  B 
the  specimen  broke  within  the  specified  marks 


Equipment  and  enviromental  conditions 
The  apparatus  used  for  testing  plastics,  as 
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If  the  specimen  breaks  at  the  shoulder  as  in 
the  case  of  Point  A,  it  has  not  finished  its 
complete  cycle  and  therefore  will  not  show 
its  maxinun  elongation  and  stress  points. 


400  500  600 

EL0N8KTI0N  IK] 


Dalit  A:  Break  at  the  ahealier 

hl" fail  iaiir:}  .vai.:.y“ 


MIYETNYIENE 
SPECIMEN 
SPECIMEN  THICKNESS 
TESTINS  SPEED 


IIW  DENSITY 
DIE  C HSTM  D 412 
1.1  mm. 

500mm./  min. 


F-igu/ie  4 


Tini-iZi  Tut 


Specimens  which  have  been  modified  and  break 
at  the  center  do  increase  their  elongation  by 
St  and  their  tensile  strength  at  break  by 
20  to  25t. 


Considering  the  high  level  of  elongation 
obtained  from  these  polymers,  we  should  be 
careful  in  reaching  conclusions  about  a given 
material  based  on  a SI  difference.  However 
this  can  and  does  influence  the  results,  at 
different  laboratories  thus  causing  them  to 
disagree  in  their  results. 


Regarding  the  tensile  strength,  the  difference 
is  more  appreciable  and  could  lead  to  a wrong 
interpretation  when  the  value  of  a material  is 
in  question. 


THE  INFLUENCE  OF  TESTING  SPEED 


Table  1 shows  us  the  results  of  the  different 
types  of  ruptures  with  a speed  of  jaw  separation 
of  50,  200  and  500  nm/min.  Low,  mediim  and  high 
density  polyethylenes  commonly  used  as  insulation 
on  telephone  cables  were  tested. 


It  can  be  seen  that  specimens  prepared  in  accord 
ance  with  ASTM  412  and  tested  at  a speed  of 
500  nm/min.  are  more  susceptible  to  failures  as 
the  compound  density  increases.  Actually  the 
rate  of  failures  start  to  get  pronounced  on 
type  I polyethylenes  with  a density  closer  to 
those  of  type  II. 


Mediun  and  high  density  polyethylenes  tested  at 
speeds  of  500  irm./min.  do  present  mostly  shoulder 
breaks  of  the  specimens  or  the  material  only 
stretches  a small  part  of  the  way,  therefore 
breaking  without  hardly  having  extended.  At 
speeds  of  200  nm./min.  the  percentage  of  ruptures 
out  of  the  specified  marks  on  medium  density 
polyethylenes  is  low,  but  the  problem  still 
exists  on  high  density.  To  avoid  this  problem 
it  is  necessary  to  lower  the  speed  down  to 
50  nm./min. 


We  all  know  that  high  density  polyethylene 
molecules  (long  chains)  have  relatively  few 
side  branches,  making  them  highly  crystallite. 

On  the  other  hand  low  density  polyethylenes 
have  highly  branched  chains  and  therefore  present 
a greater  quantity  of  amorphous  regions  and 
consequently  less  proportion  of  crystallite. 
Molecular  slip  in  polymer  stretching  is  much 
more  difficult  with  a high  level  of  crystallite. 
Its  molecules  are  in  order  and  closely  packed 
together,  thus  presenting  a linkage  between 
them  which  oppose  or  resist  deformation.  The 
molecules  do  not  have  sufficient  time  to  adapt 
themselves  to  the  new  positions  when  the  testing 
speed  is  too  high,  consequently  rupture  takes 
place  before  the  cycle  can  be  completed.  This 
problem  takes  a more  serious  aspect  when  the 
material  has  no  molecule  orientation  in  the 
direction  of  the  stress. 


The  various  types  of  polyethylenes  tested  can  be 
seen  on  the  graph  in  Figure  5,  the  curves 
correspond  to  the  elongations  experienced  with 
the  specimens  up  to  the  forming  of  the  neck 
(the  start  of  region  D)  as  could  be  seen  in 
Figure  2. 


The  elongation  produced  during  this  period,  as  we 
have  already  mentioned  is  distributed  to  nearly 
the  whole  specimen,  this  can  therefore  give  us 
an  idea  of  its  attitude  towards  deformation. 


Polyethylenes  with  a lower  density  (Young's 
modulus  which  is  lower  to  those  of  higher  densi- 
ties) give  higher  elongation  in  the  area  mentioned 
to  those  which  have  a higher  density. 


We  can  see  from  the  graph  that  as  the  testing 
speed  decreases  the  elongation  on  the  treated 
area  increases  with  all  the  polyethylenes  tested. 
Consequently  deformation  has  a higher  level  of 
uniformity  along  the  length  of  the  specimen. 


Figure  6 shows  the  elongation  experienced  in 
zones  2 and  3 of  the  specimen  ASTM  (figure  7) 
before  the  narrowing  is  reached.  Speed  of  jaw 
separation  of  50  and  500  nm/min.  were  used.  One 
can  clearly  see  that  the  specimens  tested  at  low 
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TABLE  I 


PERCENTAGE  OF  BREAKS  OCCURRING  OUTSIDE  GAUGE  MARKS  AT  DIFFERENT  TESTING  SPEEDS 


POLYETOY-  SPECIMEN 
LENES  THICKNESS 


SPECIMEN  ASTM  SPECIMEN  E 

TESTING  SPEED  mm/min. 


Class  Category 
A (Nat.)  5 


speeds  have  produced  greater  deformation  with  the 
same  elongation  between  the  specified  marks,  there- 
fore the  speed  per  unit  length  at  any  given  time 
has  a higher  and  spread  out  uniformity.  Further 
on  in  this  paper  it  can  be  easily  understood  how 
this  curve  was  obtained. 

3.  ANALYSIS  OF  TOE  REASONS  WHY  THE  SPECIMENS  BREAK 


Polyethylenes  from  Type  I were  chosen  for  this 
study  with  a density  of  0.925  gr/cm3,  quite 
close  to  those  of  Type  II. 
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This  material  presented  rupture  problems  at  the 
widening  or  shoulder  area  of  the  specimen  with  a 
speed  of  jaw  separation  of  500  nm/min.  On  speci- 
mens die  cut  per  ASTM  (see  figure  7) , we  observed 
that  on  901  of  the  cases  the  failures  occurred 
in  zone  3. 

If  we  were  to  divide  specimen  type  C (ASTM  D-412) 
into  zones  as  can  be  seen  in  figure  7,  and 
examine  the  elongation  which  is  experienced  by 
each  individual  zone  during  the  test,  we  would 
find  that  although  the  highest  percentage  of 
elongation  corresponds  to  the  narrowing  zone,  a 
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Relation  of  elongation  in  zonu  l and  3 to  eJton 


Typu  o j specimen*  used  shouting  ateas  studied 


progresive  stretching  is  being  produced  in  other 
zones,  which  is  not  apparently  affected. 

Zone  2 with  an  identical  width  to  that  of  the 
testing  reference  has  shown  considerable  elonga- 
tion just  before  producing  its  narrowness.  Con- 
sequently this  zone  has  formed  a certain  molecule 
orientation  in  the  direction  of  the  stress,  thus 
increasing  the  molecule  predisposition  towards  a 
better  displacement.  During  the  stretching  the 
spherulites  break  and  the  crystallites  orientate 
themselves  with  their  molecule  chains  along  the 
center  of  the  stretching  direction. 

Zone  three  is  the  shoulder  portion  of  the  speci- 
men, and  where  the  rupture  problem  takes  place 
when  the  narrowness  forms.  The  deformation  has 
been  very  slight  and  therefore  the  orientation 
influence  is  small  as  can  be  seen  on  Figure  8. 
When  the  neck  or  narrowness  has  reached  this 
zone,  the  remaining  part  of  the  specimen  has  com- 
pleted its  extension  cycle.  Due  to  the  high 
level  of  crystallinity  and  orientation  reached, 
a greater  stress  has  to  be  produced  to  obtain 
deformation;  consequently  an  increase  in  elonga- 
tion speed  per  unit  length  is  needed  in  this 
zone.  One  can  reach  the  conclusion  that  this 
zone  is  a weak  point  subject  to  ruptures  when 
high  testing  speeds  are  imposed  due  to  the  above 
mentioned  conditions,  plus  the  stress  produced 
in  the  material  by  the  change  of  crossectional 
area. 

4.  SPECIMEN  INFLUENCE  - A STUDY  ON  NEW  SPECIMEN 

PEsraig 
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as  can  be  seen  in  figure  7.  Our  intention  has 
been  to  find  ways  of  reducing  the  effects  caused 
by  ruptures  of  the  widening  areas  (shoulder  of 
specimen).  This  study  has  also  been  divided  in- 
to zones. 

Table  I shows  us  the  improvements  obtained  with 
the  rupture  using  type  E specimens.  This  has 
been  the  only  modification  in  testing  conditions. 


F iguxt  9 


Elongation  in  zonei  t and  3 of  specimen  6 


Our  laboratory  has  designed  two  types  of  specimens 


Excluding  high  density  polyethylenes , ruptures  at 
speeds  of  SOO  raa/rain.  in  most  cases  were  produced 
within  the  specified  reference  or  bench  marks. 


Figu te  10 

Elongation  in  zone*  2 and  3 o&  Specimen  E 


Figure  8,  9 and  10  reflect  the  deformations 
experienced  in  zones  2 and  3 of  the  specimens, 
before  reaching  narrowness,  in  relation  with  the 
elongation  increase  of  zone  1.  (zone  between 
reference  marks  where  narrowness  progresses).  De- 
formation of  zone  2 on  the  three  types  of  speci- 
mens is  very  similar.  However  zone  3 of  the 
specimen  (ASTM  D-412)  experienced  a substantial 
lower  elongation  corpared  to  corresponding  zones 
an  specimen  types  G and  E. 

The  graphs  shown  in  Figures  11  and  12  demonstrate 
the  deformations  experienced  by  the  different 
zones  of  the  specimen,  at  the  time  the  narrow- 
ness or  neck  produced  by  the  elongation  reaches 
these  zones.  The  elongation  percentage  in  zones 
5 and  6 of  specimen  ASTM  have  been  obtained  by 
deduction  due  to  the  fact  that  the  narrowing 
does  not  reach  this  zone.  It  can  clearly  be 
appreciated  that  specimen  G as  well  as  specimen 
E have  produced  a progresive  and  uniform  deforma- 
tion in  the  different  zones,  therefore  the 
elongation  speed  per  unit  length  at  any  point  is 
slower  or  more  gradual  than  ASTM  specimens,  when 
narrowness  reaches  these  zones.  On  the  other 
hand  the  stress  experienced  by  the  material  with 
section  change  is  lower  due  to  its  gradual  change 
in  crossection.  The  material  also  progresively 
orientates  itself  in  the  direction  of  the  stress, 
in  this  way  the  molecules  obtain  a better  disposi- 
tion to  withstand  deformation.  These  tests  were 
carried  out  under  the  same  conditions  with  low 
density  polyethylenes  (0.925  gr./cm3). 

We  have  found  that  on  high  density  polyethylenes 
the  elongation  of  the  different  zones,  as  the 
neck  or  narrowness  is  formed,  is  much  lower  than 
with  low  density  polyethylenes.  Figure  13  shows 
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Elongation  in  diHe/icnt  zonoi  with  l.f  mm. thick 
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us  that  the  elongation  is  excesively  low  in  zone 
2 at  the  time  when  narrowness  reaches  it  when 
compared  to  those  formed  of  low  density  polyethy- 
lenes. One  should  keep  in  mind  that  the  test  in 
this  case  was  performed  at  a speed  of  50  urn. /min. 
If  it  had  been  carried  out  at  500  nm. /min.  as 
with  low  density,  deformation  would  have  been 
even  lower.  A relative  value  could  be  obtained 
form  figure  6 which  showed  us  the  difference  in 
the  deformation  of  low  density(B25)  polyethylenes 
at  speeds  of  50  and  500  mn/min. 


It  is  very  clear  that  high  density  polyethylenes 
do  experience  little  deformation.  This  low  level 
can  even  be  seen  in  zone  2 which  has  a width 
equal  to  that  of  zone  1.  This  means  that  under 
equal  conditions  the  length  mit  speed  at  the 
narrowing  or  neck  area  is  much  greater  than  with 
low  density.  Basically  for  this  reason  high 
density  polyethylenes  when  tested  at  high  speeds 
break  without  even  reaching  narrowing  at  the 
reference  zone  (distance  between  marks). 
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5.  INFLUENCE  OF  THICKNESS  AND  WIDTH 

The  thickness  also  has  a great  influence  upon 
the  rupture  of  the  specimens.  Table  I shows  us 
that  the  level  of  ruptures  out  of  the  specified 


reference  marks  is  lower  with  1.0  nm.  specimen 
thickness.  One  can  also  appreciate  from  figure 
12  how  the  deformation  in  the  different  zones  of 
the  specimen  with  the  same  thickness  (l.OHm.)  are 
slightly  higher  than  those  with  1.8  mn.  thickness 
shown  in  figure  IT. 

Table  II  shows  us  the  results  of  elongation  and 
tensile  strength  at  break  on  low,  medium  and 
high  density  polyethylenes,  using  0.6,  1.0,  1.8 
and  2.8  mm.  The  jaw  speed  separation  on  low 
and  medium  density  was  200  inn. /min.  and  for  high 
SO  mm. /min.  We  observed  that  in  all  cases  the 
results  improved  as  the  specimen  thickness  was 
reduced.  Therefore  there  were  less  possibilities 
of  the  specimen  breaking  at  the  shoulder. 

Specimens  of  medium  and  high  density  polyethylenes 
of  2.8  mn.  thick,  break  at  the  shoulder,  widening 
area,  thus  causing  delamination  of  two  visible 
layers . 

Cooling  of  material  to  room  temperature  in  the 
preparation  of  molded  slabs  is  carried  out  with 
press  plates.  The  outside  layers  of  the  polymer 
in  direct  contact  with  the  cooling  elements, 
cool  at  a higher  speed  than  the  interior  layers. 
Consequently  the  greater  the  thickness  of  the 
material  is  the  greater  the  difference  in 
temperature  of  the  outside  layers  with  regards 
to  the  inside. 


Different  cooling  speeds  cause  the  formation  of 
various  grades  of  crystallite  in  the  polyethy- 
lenes and  a subsequent  stress  which  affects  the 
rupture.  The  above  mentioned  delamination 
phenomenon  formed  by  the  stretched  material  and 
cfiite  frequently  found  with  medium  and  high 
density  polyethylenes  has  been  previously 
explained.  Figure  14  shows  us  layers  L and  L', 
which  are  the  closest  to  the  refrigerant  and 
cool  at  a higher  speed  than  the  interior  layer  I. 
As  the  cooling  in  layer  I is  much  slower,  the 


TABLE  II 


RESULTS  OF  TENSION  AND  ELONGATION  TESTS  WITH  SPECIMENS  OF  VARIOUS  THICKNESSES 


POLYETHYLENES 

THENSILE  STRENGTH 

THICKNESS 

(nm) 

ELONGATION 

0.6 

1.0 

1.8 

2.8 

B 25 

Kgr/cm2 

176 

167 

160 

152 

\ 

700 

680 

710 

660 

M 30 

Kgr/cm2 

185 

173 

167 

155  * 

l 

740 

770 

685 

640  * 

A % 3 

Kgr/cm2 

290 

286 

266 

145  * 

\ 

870 

855 

845 

620  » 

* For  the  2.8  urn.  specimens  of  Mm  and  A*  >,  breaks  occurring  at  the  shoulder  producing  delamina-! 
tion 


CONCLUSIONS 

The  investigation  has  shown  that  the  shape  and 
thickness  of  the  specimen  as  well  as  the  test 
speed  have  an  important  influence  on  shoulder 
ruptures.  This  influence  increases  depending  on 
the  density  of  the  pol yethylenes , thus  the  higher 
the  density  the  greater  the  influence. 

The  above  mentioned  npture  problems  do  slowly 
disappear  when  the  teat  speed  is  lowered,  there- 
fore it  hardly  exists  at  low  speeds. 

A specimen  design  such  as  the  ones  studied  in 
this  paper  does  improve  and  avoid  the  problem 
with  most  types  of  polyethylenes,  even  at  high 
speeds  of  separation  between  jaws. 

There  are  large  differences  between  the  various 
procedures  and  specifications,  in  most  cases 
concerning  the  application  of  the  points  stressed 
in  this  paper.  If  these  parameters  are  not  proper- 
ly chosen  to  cope  with  the  different  peculiarities 
characteristic  of  the  polyethylenes  which  form  a 
group  (type)  the  influence  upon  tension  testing 
is  a risk  and  does  evidently  cause  the  specimen 
to  break  before  the  material  reaches  its  conplete 
extension. 
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RESULTS  OF  TENSION  AND  ELONGATION  TESTS  WITH  SPECIMENS  OF  VARIOUS  WIDTHS 


POLYETHYLENES 
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ABSTRACT 

The  shop  tTial  is  the  arbiter  of  pro- 
cessability. As  such  trials  are  costly  in 
lost  production  time,  a laboratory  method 
is  needed  which  can  predict  processability. 
However,  capillary  rheometry  indicates  that 
at  the  shear  rates  encountered  during  in- 
sulating, all  the  polyethylenes  being 
screened  were  virtually  identical,  al- 
though shop  trials  showed  that  some  of 
these  materials  exhibited  high  spark  rates, 
surface  roughness  and,  occass ional ly  , a 
tear-like  separation  of  the  insulation 
skin  from  the  foam  core.  The  results  of 
simple  experiments  show  that  high  speed  in- 
sulating with  polyethylene  resins  has  more 
in  common  with  melt  spinning  than  with  cap- 
illary extrusion.  Using  the  Rheometrics 
mechanical  spectrometer  and  a melt  tension 
apparatus,  it  can  be  demonstrated  that  the 
extensional  properties  of  the  melt  can 
predict  the  processability  of  polyethylene 
materials  and  readily  distinguish  between 
blends  and  homopolymers. 


INTRODUCTION 

In  order  to  introduce  a new  insula- 
ting material,  it  is  necessary  to  conduct 
a full-scale  shop  trial.  If  these  trials 
are  unsuccessful,  the  cost  in  lost  pro- 
duction time  and  scrap  charges  is  high. 
Thus,  it  is  becoming  increasingly  im- 
portant that  some  quick  method  of  lab- 
oratory testing  be  available  to  identify 
and  quantify  those  material  properties 
which  are  critical  to  processability.  A 
successful  solution  to  this  problem  would 
enable  a company  to  provide  a list  of  re- 
quirements, "a  processability  passport", 
to  its  suppliers  of  PIC  insulating  resins. 

Laboratory  measurements  of  such  fund- 
amental physical  properties  of  polymers  as 
melting  point,  viscosity,  tensile  strength, 
etc.  are  routinely  applied  in  industry  as 
instruments  of  quality  control  and  to  pre- 
dict behaviour  under  conditions  of  use. 

A far  more  difficult  exercise  is  to 
predict  processability  from  laboratory  ex- 
periments, since  the  latter  are  designed 


to  be  relatively  simple  and  industrial 
processes  are  rarely  so.  A prerequisite 
of  any  attempt  at  predicting  process- 
ability  is  to  design  a model  which  identi- 
fies those  properties  of  the  material 
which  are  relevant  and  which  takes  account 
of  the  relative  importance  of  these  pro- 
perties in  describing  the  overall  process. 
Such  a model,  which  will  inevitably  con- 
tain many  simplifications  should  be  such 
that  it  suggests  measurements  of  certain 
fundamental  properties  of  the  polymer 
which  will  adequately  describe  the  beha- 
viour of  the  material  under  processing 
conditions.  Oversimplification  will  lead 
to  an  incorrect  analysis  and  hence  will 
not  adequately  predict  processability. 
Overcomplexity  on  the  other  hand  will  re- 
sult in  so  many  measurements  being  made  in 
the  laboratory  that,  even  though  the  model 
allows  processability  to  be  accurately 
predicted,  it  would  be  easier,  less  time- 
consuming  and  less  costly  simply  to  conduct 
a shop  trial. 

In  this  report,  an  attempt  is  made  to 
predict  the  processability  of  medium  and 
high  density  polyethylene  resins  which  are 
used,  or  are  being  considered  for  use  for 
PIC  insulation. 

RESULTS  AND  DISCUSSION 

Medium  density  and  high  density  resins 
are  used  for  filled  core  cables,  both  as  a 
solid  insulation  and  as  a skin  on  the  foam 
skin  construction.  These  materials  can  be 
homopolymers  or,  in  the  case  of  some  medium 
density  materials,  blends  of  high  and  low 
density  polyethylene. 

Shop  experience  has  shown  that  some 
materials  would  run  well  on  any  construct- 
ion at  high  line  speeds  whereas  others 
could  not  be  run  even  at  low  line  speed. 
Clearly  the  key  to  the  problem  must  lie  in 
the  rheological  properties,  but  which  pro- 
perties and  under  what  test  regime? 

Figure  1 illustrates  the  problem.  The 
three  resins  are  little  different  at  the 
shear  rate  encountered  during  processing, 
i.e.  104— ■ HoS  s‘l,  yet  their  process- 
ability  is  different.  MB1  and  HD1  process 
well  but  MH3  exhibits  a very  high  spark 
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rate  during  insulating. 

FIGURE  1 


PLOT  OF  APPARENT  SHEAR  VISCOSITY 
AGAINST  SHEAR  RATE  FOR  VARIOUS 
POLYETHYLENES 


Furthermore,  although  insulated  con- 
ductors of  the  correct  O.D.  and  with  a 
smooth  insulation  surface  are  produced  by 
the  high  speed  insulating  process,  the  same 
materials,  when  extruded  through  a cap- 
illary rheometer  show  marked  die-swell  and 
severe  melt  fracture3. 


Thus,  it  is  clear  that  capillary  rhe- 
ometry  is  not  descriptive  of  the  wire  in- 
sulating process  and  some  mechanism  other 
than  simple  vi s co -el ast ic  response  to  an 
imposed  shear  stress  must  dominate  the  wire 
insulating  process. 

The  flow  field  in  the  crosshead  die  is 
complex.  Pressure  flow  from  the  extruder 
is  augmented  by  drag  flow  due  to  the  pass- 
age of  the  wire  through  the  die3.  Since 
the  velocity  profile  of  annular  flow  and 
drag  flow  differ  significantly,  the  result- 
ing velocity  profile  and  shear  flow  fields 
will  be  complex®*®. 


Although  it  is  widely  accepted  that 
the  shear  and  elastic  forces  generated  in 
the  die  influence  such  phenomena  as  die 
swell  and  surface  finish,  it  is  becoming 
increasingly  clear  that  processes  such  as 
extrusion,  injection  moulding  and  foaming 
include  significant  extensional  as  well  as 
shear  flows3*®*®.  And  in  processes  such 
as  melt  spinning  extensional  forces  will 
clearly  dominate.  Furthermore,  there  is 
evidence  to  suggest  that  extensional  pro- 
cesses outside  the  die  influence  both  the 
degree  of  die  swell  in  melt  spinning7  and 
shear  flow  within  the  wire  crosshead®. 


Conversely,  visco-elastic  respons 
melt  to  the  extrusion  process  can 
many  of  the  parameters  critical  t 
spinning  process, e.g.  the  degree 
swell  will  determine  the  take-up 
necessary  to  produce  filament  of 
diamet  er . 


es  of  the 
influence 
o the  melt 
of  die 
rate 
a given 


Furthermore,  it  is  known  that  in  melt 
spinning  a smooth  filament  can  be  produced 
even  when  the  extrudate  from  the  spinerette 
die  shows  melt  fracture®,  and  that  the 
smoothing  effect  is  more  marked  the  greater 
the  extensional  force,  i.e.  take-up  rate, 
and  the  longer  the  extensional  force  is 
allowed  to  act,  i.e.  the  longer  the  air 
gap®  . 

It  is,  therefore,  proposed  that  ex- 
tensional forces  outside  the  die  dominate 
the  wire  insulating  process, and  that  the 
balance  of  these  external  extensional 
forces  and  the  visco-elastic  forces  within 
the  die  determine  the  ease  and  degree  of 
drawdown  and  the  surface  finish  of  the 
insulation . 

To  test  this  proposal,  two  simple  ex- 
periments were  carried  out,  the  aims  of 
which  were  to  produce,  using  the  same 
material,  insulated  conductors  and  extTuded 
filaments  over  a similar  range  of  shear 
rates,  and  to  compare  the  surface  charac- 
teristics and  die-swell  of  the  two  pro- 
ducts . 


Firstly,  a 24  AWG  wire  was  insulated 
with  MB1  using  a standard  PIC  1.016  mm 
(0.040")  die.  When  melt  was  spewed 
through  the  die  with  the  conductor  station- 
ary, the  surface  of  the  tubular  extrudate 
was  extremely  rough.  The  line  speed  was 
then  increased  stepwise  until  the  insula- 
tion was  smooth. 

Table  1 summarizes  the  results  which 
are  also  shown  graphically  in  Figure  2. 

TABLE  1 


EXTRUSION  OF  MB1 
ONTO  A 24  AWG  COPPER  CONDUCTOR 
USING  AN  1.016  mm  f0.040"l  DIE 


Lina 

Spaed 

(tp»> 

Ola  ieall 

Shear  Mata* 

a-l 

Surface  Appearance 

0 

4.29 

9.90  a 104 

Extraaaaly  rough 

39 

(12$) 

3.40 

9.01  a 104, 
(1.90  x 10J) 

vary  rough 

41 

(200) 

2.45 

9.54  lit4, 
(2.99  x 10J) 

hough 

79 

(250) 

2.00 

4.25  x 104. 
(3.40  X 10*) 

Slight  roughneaa 

157 

(350) 

1.55 

4.19  x VO4. 
(5.04  x 10J) 

Slight  roughneee 

123 

(400) 

1.20 

4.74  x 104 

(5.74  x 10J> 

Vary  alight  roughneaa 

190 

(529) 

1.00 

4.24  x 104. 
(7.54  X 10J) 

Saaoth 

•Pigurea  in  brachete  - contribution  oC  drag  flou  to 
overall  ahoar  rata. 
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FIGURE  2 


Lin*  Sfwl  I f psi 

At  low  line  speeds  the  surface  of  the  in- 
sulation is  visibly  rough  and  die  swell  is 
considerable.  As  the  line  speed  increases, 
the  surface  roughness  and  die  swell  de- 
crease until  at  106  m/min.  (525  fpm)  , the 
O.D.  is  at  its  nominal  value  and  the  in- 
sulation is  smooth. 

It  is  interesting  to  note  that  as  the 
line  speed  increases,  the  overall  wall 
shear  rate  decreases.  As  the  contribution 
due  to  drag  flow  increases  the  back  pres- 
sure, pressure  drop  across  the  die  and 
hence  output  rate  will  decrease.  The  con- 
tribution to  the  overall  shear  rate  of 
pressure  flow  will,  therefore,  also  de- 
crease. Similar  effects  have  been  ob- 
served by  Han4  in  wire  insulating  and  by 
White7  in  the  melt  spinning  process. 


experiment  in  which  MB1  was  extruded 
through  a 0.51  mm  (0.020")  standard  PIC  die 
is  shown.  At  the  shear  rate  at  which  a 
smooth  insulation  was  produced  during  the 
wire  coating  process  (4.26  x 104  s'1),  the 
extruded  filament  was  rough  and  showed  con- 
siderable die  swell. 

Process  Model  ConoluBione 

It  is,  therefore,  concluded  that  wire 
insulating  is  essentially  a melt  spinning 
process  and  is,  thus,  dominated  by  exten- 
sional  forces  outside  the  die.  Further- 
more, as  in  melt  spinning,  visco -el ast i c 
and  extensional  forces  within  the  die  are 
relevant  only  insofar  as  the  die-swell  and 
surface  roughness  of  the  extrudate  deter- 
mine the  magnitude  of  the  extensional 
forces  (i.e.  line  speed),  and  the  time  for 
which  these  forces  must  act  (i.e.  length 
of  air  gap)  to  produce  a smooth  insulation 
surface  on  a product  of  the  correct  O.D. 

Thus,  the  critical  rheological  pro- 
perties of  the  polymer  are  extensional  - 
extensional  viscosity,  elongation  rate, 
critical  stretch  ratio,  i.e.  that  value  of 
VT/VE,  where  VT  is  the  take-up  velocity  and 
VE  is  the  velocity  of  the  extrudate  in  the 
absence  of  a take-up  force,  at  which  the 
strand  fails,  and  drawdown  ratio. 

Part  II  - Materials  Model 

A material  is  said  to  exhibit  poor 
processability  if  either  the  spark  rate  is 
excessively  high  or  the  surface  is  un- 
acceptably rough.  To  be  relevant,  exten- 
sional parameters  must  explain  these  phe- 
nomena and  distinguish  between  processable 
and  non-processable  resins  where  visco- 
elastic forces  fail  to  do  so. 


It  can  be  seen  that  at  the  line  speed 
at  which  a smooth  insulation  is  produced, 
drag  flow  contributes  20%  of  the  total 
shear  rate.  Or,  more  pertinently,  the  line 
speed  which  is  necessary  to  produce  exten- 
sional forces  sufficient  to  obtain  a smooth 
insulation  are  such  that  20%  of  the  total 
shear  within  the  die  is  due  to  drag  flow. 

In  Table  2,  the  results  of  .a  second 


TABLE  2 


A spark  results  when  the  insulation 
is  so  reduced  in  thickness  that  the  poten- 
tial imposed  by  the  spark  tester  grounds 
the  conductor.  Sparks  are  almost  invari- 
ably associated  with  impurities  and  the 
crater-like  depressions  in  which  these  im- 
purities are  found  clearly  demonstrate 
flow.  Breakaways,  i.e.  a tear-like  se- 
paration of  the  skin  from  the  foam  core 
characteristic  of  some  materials  on  F/S 
are  an  extreme  case  of  "cratering".  Since 
the  failure  which  causes  a spark  is  local- 
ized, the  stresses  and  strains  which  cause 
it  must  also  be  short  range  and  short 
lived,  and  it  is  proposed  that  these  are 
due  to  the  presence  of  a contaminant, 
causing  high  localized  elongational 
stresses,  elongational  rates  and  stretch 
ratios.  It  should  be  noted  that  fracture 
of  melts,  like  solids,  is  very  sensitive  to 
strain  ratetf. 

The  extensional  viscosity,  nE,  is 
related  to  rio>the  true  melt  viscosity  and 
at  low  elongation  rates  has  a value  3tio> 


(This  viscosity  is  known  as  the  Trouton 
viscosity  nT)  . Thus,  it  would  be  expected 
that,  even  though  practically  identical  at 
high  shear  rates,  that  at  extremely  low 
shear  rates,  as  obtainable  on  the  Rheo- 
metrics  Mechanical  Spectrometer,  materials 
with  different  extensional  characteristics 
should  also  show  significantly  different 
shear  rate  behaviour.  A further  most 
important  consequence  of  the  relationship 
between  an  extensional  viscosity  is  that 
1o  a fl„3-4  (10)'  Since  Hw  is  determined 
by  the  reaction  conditions  during  poly- 
merization, it  is  a parameter  which  should 
be  controllable  by  the  manufacturer. 

Figure  3 shows  low  shear  rate  data 
generated  by  using  the  Rheometrics  Mech- 
anical Spectrometer  in  the  cone  and  plate 
mode.  It  is  apparent  that  those  materials 
which  showed  poor  processability  on  both 
foam  skin  and  solid  PIC,  MH3  and  MH2  have 
the  lowest  values  of  napp  at  1 0 - 2 s - 1 . 

FIGURE  3 


PLOT  OF  AFPARENT  SHEAR  VISCOSITY 
AGAINST  SHEAR  RATE  FOR  VARIOUS 
POLYETHYLENE  RESTNS 


However,  the  processability  of  MH2  was 
significantly  better  than  that  of  MH3. 

Since  HD2,  MH1  and  HD2  have  been  success- 
fully run  in  shop  trials,  it  must  be  con- 
cluded that  the  minimum  acceptable  level 
for  napp  at  10-2s_1  must  lie  between  that 
of  MH2  and  HD2.  From  Figure  2,  it  can  be 
seen  that  MB2  and  MB1  are  almost  identical 
in  shear  and  have  high  values  of  napp.  yet 
MB1  is  readily  processable  on  regular  F/S, 
whereas  MB2  suffers  from  "breakaways". 
Clearly,  there  must  be  differences  in  the 
mechanism  of  extensional  flow  of  the  homo- 
polymers and  mechanical  blends  of  high 
density  and  low  density  polyethylenes . 

The  extensional  behaviour  of  polymers 
is  markedly  different  to  that  in  shear. 

All  polymers  shear  thin,  i.e.  the  shear 
viscosity  decreases  as  the  shear  stress 
and  shear  rate  increases.  No  such  general- 


ization can  be  made  about  extensional 
flows.  Low  density  polyethylene  shows  a 
marked  increase  in  extensional  viscosity  as 
the  elongation  rate  increases  (strain 
hardening)  and  fails  due  to  brittle  frac- 
ture at  relatively  low  elongation  rates. 

The  extensional  viscosity  of  linear 
materials  such  as  high  density  polyethy- 
lene and  those  with  short  chain  branches 
such  as  polypropylene  and  TPX  (poly- 
4methy 1 -pentene  i)  remains  constant  or 
decreases  with  elongation  rate  (tension 
thinning)  and  failure  is  essentially 
duct  i 1 ef>  . 

The  long  chain  branching  of  the  low 
density  polyethylene  causes  entanglement 
effects  which  resist  extension  and  cause  a 
build-up  of  stress  and  stored  elastic 
energy  in  the  system  which,  as  the  exten- 
sion rate  increases,  eventually  leads  to 
brittle  failure.  Ductile  failure  on  the 
other  hand  is  clearly  a dissipative,  i.e. 
a flow  phenomenon  akin  to  necking  down, 
and  occurs  at  much  higher  elongation  rates. 

Figure  4 illustrates  these  effects  for 
MB2  and  its  component  resins.  The  low 
density  material  develops  much  higher 
stress  in  the  line  and  breaks  at  a very 
much  lower  stretch  ratio  than  the  high 
density  material.  The  presence  of  the  high 
density  material  in  a blend  of  these  mat- 
erials, i.e.  MB2,  increases  the  stretch 
ratio  at  which  brittle  failure  occurs,  as 
its  tension  thinning  nature  tends  to  dis- 
sipate the  stored  elastic  energy  of  the 
low  density  component. 


FIGURE  4 

SPINNABILITY  OF  MB  2 
ITS  HIGH  AND  LOW 
DENSITY  COMPONENTS 
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Figure  5 shows  the  results  of  melt 
spinning  experiments  using  a melt  tension 
apparatus,  for  various  PIC  resins.  It  can 
be  seen  that  HB1  fails  at  a significantly 
higher  stTetch  ratio  than  MB2. 


FIGURE  5 


SPINNABILITY  OF  VARIOUS 
PIC  RESINS 


Thus,  the  processability  differences 
between  MB1  and  MB2  inexplicable  using 
shear  flow  data  are  resolved  when  exten- 
sional  flow  parameters  are  considered.  The 
higher  critical  stretch  ratio  of  MB1  is 
attributable  to  the  lower  number  of  long 
chain  branches  in  its  low  density  com- 
ponent compared  with  the  low  density 
material  in  MB2,  a consequence  of  the 
different  polymer itat ion  process  used  by 
these  companies.  A reduced  level  of  long 
chain  branching  results  in  a lower  level 
of  elastic  memory  in  extensional  flow. 

During  the  above  experiment,  it  was 
noticed  that  MB2  had  a much  lower  freeze 
line  than  that  of  MB1  which  was  just  below 
the  die  exit.  DSC  measurements  confirmed 
that  the  crystallization  rate  of  the  high 
density  component  of  MB2  was  much  lower 
than  that  of  MB1  and  that  the  disparity 
increased  with  cooling  rate. 

Since  it  was  felt  that  the  early 
establishment  of  a supportive  matrix  of 
high  density  polyethylene  could  influence 
the  difference  in  critical  stretch  ratio 
of  the  two  materials,  an  air  cooling  was 
applied  to  the  emerging  filament  of  the  MB2 
to  increase  its  crystallization  rate.  Al- 
though increased  crystallization  was 
clearly  observable  as  an  increase  in  line 
tension  and, although  the  crystallization 
rate  could  be  made  to  exceed  that  of  MB2 , 
there  was  no  increase  in  critical  stretch 
ratio . 


Although  superior  to  MB2,  MB1  shows 
the  same  quantitative  behaviour.  It  is 
noteworthy  that  it  tends  to  have  higher 
spark  rates  than  homopolymers  and  has  an 
unacceptably  high  spark  rate  when  pro- 
cessed under  more  stringent  shear  and  draw- 
down regimes.  It  must,  therefore,  be  con- 
cluded that  elimination  of  elastic  effects 
by  the  use  of  medium  or  high  density  homo- 
polymers provided  the  extensional  viscosity 
(and  thus  no)  has  a suitably  high  value,  is 
an  approach  to  obtaining  processable  PIC 
resins  for  F/S  use  which  must  be  seriously 
considered . 

Surface  roughness  is  also  associated 
with  the  elastic  and  extensional  forces 
which  are  imposed  on  the  melt  by  the  ex- 
trusion process. 


At  the  die  exit,  a molecule  is  sub- 
jected to  an  extensional  force  since  part 
of  the  molecule  will  be  still  inside  the 
die  travelling  relatively  slowly  and  part 
will  be  outside  the  die  accelerating  rapid- 
ly to  the  much  higher  velocity  of  the  line. 
These  extensional  forces  will  be  greatest 
at  the  die  wall  since  the  melt  velocity  is 
lowest  at  this  point  (in  theory  the  vel- 
ocity of  the  molecular  layer  immediately 
adjacent  to  the  die  wall  is  zero).  If  the 
extensional  force  exceeds  the  breaking 
stress  of  the  melt,  melt  fracture  occurs. 
The  stress  at  which  melt  fracture  commences 
in  low  density  polyethylenes  has  been  shown 
by  Cogswell*3  to  agree  well  with  the  stress 
at  which  failure  of  a filament  occurs 
during  melt  spinning. 


Referring  to  Figure  5,  the  two  medium 
density  blends  show  melt  fracture  at  much 
lower  shear  rates  102s'3  than  MH1  or  HD2, 
MH1  shows  melt  fracture  at  shear  rates  in 
excess  of  105s'*-  and  HD2  does  not  show  melt 
fracture  even  at  a shear  rate  of  105s_1. 
This  would  appear  to  confirm  Cogswell's 
observations . 


Materials  Model  - Conclusions 


In  conclusion,  it  can  be  said  that  a 
material  suitable  for  high  speed  PIC  in- 
sulating should  have  the  following  chara- 
cteristics when  evaluated  using  the  in- 
dicated equipment. 


1 . Capillary  Rheometer 


Apparent  shear  viscosity  at 
1 90°C  < 1 x 103  poise  (1  x 102Pi.s) 
Die;  50.8  mm  (2.00")  x 0.756  mm 
(0.03”),  90°  included  entrance  angle. 
Shear  rate  1 x 104s-1. 


. z .. 


■tan  a 
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2 . Rheometrics  Mechanical  Spectrometer 


(4)  C.D.  Rao,  C.D.  Han , Proceedings , 
ANTECH,  Montreal,  1977,  0.443. 


Apparent  shear  viscosity  at 
190*C  > 5 x 10s  poise  (5  x 104Pa.s) 
Cone  and  plate  mode. 

Shear  rate  1 x 10'2s*1. 

3 . Melt  Tension  Apparatus 

Critical  stretch  ratio  st  190'C  > ISO 
Die;  57. 8 mm  (2.275")  x 1.3  mm 
(0.054"),  90°  included  entrance  angle. 


SUMMARY 

Simple  experiments  in  which  a poly- 
ethylene resin  was  extruded  as  a filament 
and  on  a copper  conductor  at  a similar 
shear  rate  have  shown  that  wire  insulating 
is  essentially  a melt  spinning  process. 
Thus,  those  parameters  relevant  to  melt 
spinning-extensional  viscosity  (and  hence 
shear  viscosity  at  very  low  shear  rates) 
critical  stretch  ratio,  should  also  be 
relevant  to  high  speed  insulating. 

Using  the  Rheometrics  Mechanical 
Spectrometer  and  a melt  tension  apparatus, 
it  was  shown  that  the  extensional  para- 
meters obtained  using  these  instruments 
were  capable  of  distinguishing  between 
processable  and  non-processable  resins 
where  conventional  visco-elastic  measure- 
ments such  as  those  obtained  by  using  a 
capillary  viscometer  failed  to  do  so. 
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Abstract 

Blown  film  extrusion  has  been  found  to  detect 
potential  processing  problems  of  PVC  wire  and 
cable  compounds  more  so  than  other  routine 
physical  and  chemical  tests.  Western  Electric 
vinyl  formulations  are  compounded  to  our  recipe, 
hence  melt  flow  processing  characteristics  are 
primarily  controlled  by  compounding  techniques 
and  resin  molecular  weight.  Other  processing 
characteristics  are  then  left  to  compound  quality 
in  terms  of  resin  gels  and  ingredient  dispersion. 

This  paper  discusses  vinyl  compounding  processes 
and  possible  extrusion  problems.  Identification 
of  PVC  resin  gels  as  well  as  ingredient  disper- 
sion problems  are  discussed. 

Since  extruding  blown  film  has  proven  to  be 
useful  in  screening  purchased  PVC  wire  and  cable 
compounds.  It  should  be  equally  useful  as  a 
quality  control  measure  for  the  vinyl  compounder. 

Summary 

Extruding  blown  film  is  a practical  raw  material 
inspection  test  for  the  evaluation  of  wire  and 
cable  compounds.  It  produces  a ready  display  of 
compound  defects  that  can  cause  scrap  rates  to 
increase  on  the  product  line.  By  far  the  most 
significant  shop  extrusion  problems  can  be 
attributed  to  degraded  resin,  unplasticized  resin 
gels  as  well  as  poorly  dispersed  Ingredients. 

This  test  fills  the  gap  between  standard,  physical 
Inspection  procedures  and  actual  shop  processing. 

Introduction 

Extruding  wire  and  cable  PVC  compounds  into 
blown  film  readily  displays  contamination,  resin 
gels,  and  dispersion  problems  associated  with 
that  representative  lot  of  compound.  Imperfec- 
tions that  are  difficult  to  find  when  examining 
pellets  are  more  apparent  when  spread  out  over  a 
large  area.  These  potential  extrusion  problems 
are  normally  not  uncovered  when  compound  Is 
Inspected  for  routine  physical  properties 
such  as  tensile  strength,  elongation,  specific 
gravity,  shear,  etc.  Extruding  flat  tape  does 
allow  for  subjective  appraisal  of  the  surface, 
however.  It  is  not  as  revealing  as  extruding 
blown  film. 


Processing  difficulties  in  the  cable  plant  can 
most  often  be  traced  to  contamination  and  poor 
dispersion  rather  than  failure  of  physical 
requirements. 

Although  most  extruded  blown  film  is  made  from 
polyethylene,  vinyl  formulations  having  25  to 
80  phr  plasticizer  have  been  processed.  Since 
Western  Electric  purchases  in  excess  of  70 
million  pounds  of  PVC  wire  and  cable  compound 
annually  made  to  specific  formulas,  the  inspection 
and  respective  processibility  of  these  compounds 
is  of  paramount  importance. 

Blown  film  extrusion  was  developed  into  an  inspect- 
ion test  for  incoming  lots  of  compound  primarily 
to  identify  inadequately  mixed  or  contaminated 
compound.  It  was  then  necessary  to  look  further 
into  why  certain  lots  of  compound  process  well 
(extrude  smoothly)  while  other  lots  from  both 
the  same  as  well  as  different  suppliers  do  not 
process  equivalently.  Compound  lots  in  question 
for  comparative  purposes  were  all  within  specifi- 
cation requirements.  Viscosity  vs.  shear  rate 
curves  do  not  show  significant  differences  between 
lots  that  were  extruded  and  found  to  have 
different  surface  qualities.  Surface  smoothness 
is  a highly  desirable  quality  of  finished  wire 
in  that  it  allows  for  contrasting  ink  color  cod- 
ing to  be  more  discernible.  This  type  of  compound 
inspection  has  become  necessary  as  a result  of 
reductions  in  insulation  and  jacket  thickness  to 
conserve  material. 

Melt  flow  at  very  low  shear  rates  on  the  order  of 
one  reciprocal  second  at  175°C  using  a modified 
Melt  Index  Test  Procedure  (ASTM-D-1238)  has  been 
found  not  to  insure  good  extrusion  quality  nor 
does  dynamic  thermal  stability  testing  using  a 
torque  rheometer.  Although  these  processing 
type  tests  help  to  predict  processibility  there 
still  remains  a gap  between  compound  processi- 
bility and  routine  inspection  tests  wnich  it  is 
hoped  the  film  test  will  fill. 

This  paper  discusses  typical  PVC  wire  and  cable 
formulations  and  the  reasons  that  have  led  to 
the  evaluations  of  these  compounds  by  extruding 
blown  film.  The  film  test  is  described  along 
with  typical  PVC  related  defects.  Actual  shop 
extrusion  experiences  are  also  discussed. 
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I... 


Wire  and  Cable  Compounds 

Semirigid  PVC  compounds  containing  30  phr  of 
phthalate  plasticizer  are  used  to  insulate  22, 

24,  and  26  gauge  wire  at  speeds  up  to  5000  feet 
per  minute.  Insulation  thicknesses  of  various 
product  designs  range  from  4 to  8 mils.  Extrus- 
ion shear  rates  under  these  conditions  can 
reach  1X10®  reciprocal  seconds.  During  insulat- 
ing, wire  is  spark  tested  at  3000  volts  DC. 

Vinyl  jacket  formulations  contain  40  phr  linear 
alkyl  phthalate  plasticizer  along  with  various 
levels  of  fillers  and  other  additives  to  control 
specific  properties.  Jacket  extrusion  line 
speeds  up  1000  feet  per  minute  have  two  principal 
differences  from  insulating  - there  are  no  spark 
test  requirements, and  shear  rates  are  signifi- 
cantly lower,  by  three  to  four  orders  of  magni- 
tude. 

Compound  formulations  for  wire  and  cable  contain 
the  following  ingredients: 

Resin,  GP4  and  GP5  per  ASTM  0-1755 

Plasticizer 

Lead  Stabilizer 

Filler,  jackets  only 

Flame  Retardant 

Lubricant 

Pigment 

Knowing  the  composition  of  PVC  compounds  and 
their  corresponding  method  of  manufacture  enables 
the  analyst  to  identify  material  problems  defined 
in  the  blown  film  test. 

PVC  Resin 

PVC  suspension  grade  dry  blend  resin  in  a fine 
particle  size,  free  flowing  white  powder.  To 
aid  in  manufacturing  a uniform  dry  blend  for 
subsequent  compound  fluxing,  the  resin  should 
have  a narrow  particle  size  distribution  range 
on  the  order  of  100  to  200  microns. 1 The  poro- 
sity structure  which  is  based  on  particle  size 
and  bulk  density  is  most  important  in  that  it 
enables  resin  to  absorb  plasticizer  in  the  dry 
blend  process. 

Resin  molecular  weight,  molecular  weight  distri- 
bution, along  with  plasticizer  type,  and  loading 
as  well  as  fillers,  control  processing  and  the 
final  properties  of  the  compound.  As  resin  mole- 
cular weight  decreases,  plasticizer  sorption  is 
generally  reduced  which  then  leads  to  a higher 
resin  gel  count  in  the  finished  compound. 

With  an  increasing  demand  for  resin  today, 
particularly  for  rigid  applications,  emphasis 
on  good  plasticizer  sorption  is  reduced.  Occu- 
pational Safety  and  Health  Administration's 
exposure  limits  to  vinyl  chloride  monomer 
(VCM)Z  have  forced  resin  suppliers  to  modify 
their  polymerization  and  resin  drying  process, 
hence  stream  stripping  (SS)  is  being  used.  In 
contrast  to  the  position  of  many  resin  suppliers 


concerning  not  degrading  resin  in  SS,  we  often 
find  a moderate  number  of  amber  resin  gels  in 
blown  film. 

Since  reactors  cannot  be  opened  as  frequently  as 
in  the  past  and  new  high  pressure  water  cleaning 
techniques  must  be  used,  cleaning  reactors  becomes 
more  difficult  and  thus  increases  the  tendency  for 
nonporous  resin  to  form.  In  addition,  gels  can 
form  due  to  deficiencies  in  the  polymerization 
process.  Nonporous  resin  is  unable  to  absorb 
plasticizer  and  thus  forms  gels  which  are  readily 
apparent  in  blown  film.  These  gels  can  cause 
spark  test  failures  (insulation  faults)  when 
compound  is  processed  at  high  speed  on  thin  wall 
(4-5  mil  thick)  insulation,  specifically  when  the 
gels  are  not  worked  out  in  the  extrusion  process. 
Jacket  extrusion  on  the  other  hand,  produces  a 
pimple-like  surface  when  gels  are  present.  Resin 
suppliers,  by  installing  large  reactors  having  less 
surface  area  per  volume  of  monomer  reacted,  are 
reducing  the  tendency  to  form  nonporous  gel  resin. 

Plasticizers 

Organic  high  molecular  weight  liquids,  termed 
plasticizers,  are  used  to  transform  tough,  horny 
vinyl  resin  into  a useful  flexible  polymer. 

Various  types  and  percentages  are  used  to  impart 
special  end  properties  in  the  compound.  High 
levels  of  plasticizer  aid  in  compound  processing, 
however,  they  also  impart  fl amiability  to  the 
detriment  of  finished  wire  and  cable  products. 4 

Levels  of  30  phr  plasticizer  are  used  for  semirigid 
insulating  compound  and  40  phr  for  flexible 
jacketing  compounds.  These  use  levels  are  a 
compromise  between  processing,  flammability,  long 
term  aging,  low  temperature  flexibility,  and 
toughness.  Although  plasticizers  are  not  usually 
responsible  for  compound  processing  difficulties 
and  are  not  a factor  in  blown  film  defects,  the 
high  molecular  weight  phthalate  types  such  as 
detridecyl  phthalate  (DTDP)  are  more  difficult  to 
flux  than  lower  molecular  weight  counterpart 
plasticizers  such  as  dioctyl  phthalate  (DOP). 
Compounds  must  therefore  reach  a particular  minimum 
temperature  in  order  to  achieve  complete  plastici- 
zation durinq  compounding. 

Stabil izers 

Lead  salts  near  5 micron  median  particle  size  are 
most  commonly  used  to  provide  processing  and  aging 
stability.  Tribasic  lead  sulfate  and  dibasic  lead 
phthalate  are  the  most  widely  used  stabilizers  for 
Western  Electric  wire  and  cable  formulations. 

Their  mean  particle  size  is  4 to  6 microns,  with 
the  top  size  being  7 to  11  microns. 

Dibasic  lead  phthalate  is  less  reactive  with 
phthalate  plasticizers  and  is  therefore  recommended 
for  long  term  stability,  particularly  at  elevated 
temperatures.  Both  types  of  stabilizers  are  solid 
filler-like  additives  that  must  be  thoroughly  dis- 
persed in  the  compound.  Poor  dispersion  of  lead 
stabilizers  is  the  key  problem  that  led  to  the 
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development  of  the  blown  film  test.  Several 
processing  experiences  will  be  discussed  later. 

Fillers  - Flame  Retardants 

Antimony  trioxide  and  aluminum  trihydrate  are  both 
extensively  used  in  Western  Electric  compounds  to 
reduce  product  flammability.  All  formulations 
have  a minimum  of  2 phr  antimony  trioxide.  Jacket 
formulations  contain  15  phr  aluminum  trihydrate 
which  Is  a flame  retardant  as  well  as  a filler. 
Hydrated  alumina,  sold  In  a wide  range  of  particle 
sizes.  Is  required  to  have  a mean  particle  size 
of  1 micron  for  Western  Electric  compounds  having 
specific  low  temperature  requirements.  Pigment 
grade  antimony  trioxide  has  nominal  ranges  of 
1.5  to  2.0  microns.  Both  additives  can  be 
dispersed  in  PVC  formulations  with  a minimum  of 
difficulty  and  are  therefore  not  purchased  with 
a lubricated  surface  coating. 

Lubricants 

Lubricants  used  consist  of  amide  wax,  dibasic 
lead  stearate,  paraffin  wax,  partially  oxidized 
polyethylene  and  metallic  stearates.  In  most 
cases,  these  ingredients  melt  and,  therefore, 
their  dispersion  has  not  been  a problem. 

Pigments 

Jacket  compounds,  particularly  those  formulations 
used  for  weatherable  applications  are  purchased 
precolored.  Furnace  black  and  titanium  dioxide 
are  the  principal  pigments  used  in  jacket  formu- 
lations since  they  provide  superior  ultraviolet 
radiation  screening  protection.  Chrome  yellow, 
molybdate  orange,  and  quinacridone  red  tint 
pigments  are  used  to  match  the  Bell  System  light 
olive  gray  color  standard. 

Door  pigment  dispersion  in  jacket  compounds  causes 
appearance  problems  and  clogs  screens  as  well 
as  offering  potential  tear  points  for  thin  wall 
jackets.  They  are  also  nuclei  for  low  temperature 
cracks  in  finished  jacket. 

Nonweatherable  colored  insulation  is  obtained  by 
blending  a color  masterbatch  with  natural  compound 
at  the  extruder  feed  throat.  Here  the  color 
concentrate  if  thoroughly  dispersed,  should  not 
Introduce  spark  test  failures  at  the  insulating 
line.  Of  the  ten  colors  used  to  color  code  wire, 
carbon  black  which  is  used  in  the  manufacture  of 
black  color  masterbatch,  is  the  most  difficult 
pigment  to  disperse. 

Compounding 

Since  compounding  practices  are  as  important  for 
obtaining  well  mixed  PVC  wire  compounds6  as  are 
the  Ingredients,  a description  of  a typical 
compounding  system  is  in  order.  Major  wire  and 
cable  suppliers  of  bulk  compound  use  the  process 
described  below  to  feed  a two  roll  mill  from 
which  a continuous  strip  of  compound  is  removed, 
cooled,  and  diced.  The  more  significant  steps  in 
compounding  are  dry  blending,  and  fluxing. 


Compounders  dry-blend  resin,  plasticizer  and  other 
ingredients  in  either  a high  Intensity  mixer  or  a 
large  ribbon  blender.  In  the  dry  blend  mix  cycle, 
two  important  compounding  practices  should  be 
followed: 

First,  the  plasticizer  must  be  evenly  distributed 
within  the  resin  matrix,  allowing  resin  particles 
to  be  evenly  plasticized. 

Secondly,  solids  must  be  broken  up  and  thoroughly 
dispersed6  leavinq  the  dry  blend  uniform  and  free 
flowing. 

During  the  mix  cycle,  the  resin  becomes  absorptive 
from  frictional  or  conductive  heating  and  the 
filler-like  additives  attach  themselves  to  plasti- 
cized resin  particles. 


The  next  step  Is  to  fuse  the  dry  blend  In  a Ban- 
bur/Dor  a Farrel©  continuous  mixer,  better  known 
as  an  FCM.  Banbury  mixing  is  a batch  process 
like  dry  blending  and  the  compounder  has  the 
advantage  of  being  able  to  extend  the  compound 
mixing  time.  An  FCM  unit,  although  more  restric- 
tive in  this  sense,  is  a more  convenient  con- 
tinuous mixing  process  for  fluxing  compound. 

Semiriqid  compounds  are  more  shear  heat  sensitive 
to  fluxing  than  flexible  formulations  having  40  or 
more  phr  plasticizer.  In  this  vein,  achieving 
high  compound  output  rates  requires  the  compounder 
to  carefully  control  the  flux  melt  temperature  to 
achieve  an  optimum  processible  compound.  Semi- 
rigid PVC  compounded  under  a controlled  flux 
temperature  of  360°F  has  been  found  to  have  a 
higher  melt  flow  than  the  same  dry  blend  lot  when 
fluxed  at  380°F. 

Blown  Film  Extrusion  Test 

As  previously  stated,  extruding  blown  film  reveals 
many  defects.  It  readily  displays  compound  ingre- 
dient quality  as  well  as  the  compounder's  compe- 
tence. 

BASIC  BLOWN  FILM  LINE 


Figure  1 
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To  extrude  blown  film,  any  size  matched  equipment 
can  be  used  depending  upon  the  compound  sample 
size  desired  and  the  extrusion  rate.  Our  1-1/2" 
diameter  24/1  length  to  diameter  ratio  extruder 
processes  about  25  pounds  per  hour  of  semirigid 
PVC  at  40  rpm  screw  speed. 

A typical  system^  consists  of  an  extruder  feeding 
a film  die  equipped  with  an  air  ring  (Figure  1). 
The  air  ring  (shown  in  Figure  2)  can  be  fed  with 
compressed  air  or,  more  conventionally  a blower 
mounted  on  the  film  tower. 


Figure  2 


Film  Die  and  Air  Ring 


From  the  die,  a tube  is  blown  outward  and  de- 
creases in  thickness  down  to  approximately  2 mils 
as  it  is  expanded  and  taken  up  by  the  tower.  The 
bubble  is  then  flattened  by  collapsing  slats  at 
the  top  while  the  volume  of  air  within  the  bubble 
remains  fixed. 

The  collapsed  bubble  (lay  flat)  is  then  fed  over 
idler  rolls  to  a surface  winder,  preferably  one 
having  a removable  cardboard  sleeve  for  a take  up 
roll.  During  the  process,  the  film,  if  wrinkle 
free,  can  be  examined  for  general  surface  appear- 
ance. Surface  appearance  is  the  key  property 
of  the  blown  film  test. 

Obvious  defects  can  be  circled  (Figure  3)  with  a 
ball  point  pen  as  they  pass  the  idler  roll.  For 
a more  detailed  examination,  the  film  is  removed 
from  the  take  up  roll  and  slit  to  single  thickness. 

Upon  examining  the  sample,  three  types  of  film 
imperfections  can  usually  be  detected. 

1)  Unplasticized  or  poorly  plasticized  resin  gels 
are  always  present  to  some  degree. 

2)  Degraded  amber  colored  resin  gels  are  more 
prevalent  since  vinyl  chloride  monomer  (VCM) 
restrictions  became  effective  in  October,  1974. 
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3)  Inadequate  dispersion  or  agglomerated  solids 
such  as  lead  stabilizers,  antimony  trioxide, 
fillers,  colorants  and  the  like  are  seen  as 
specks. 


Figure  3 


Circled  Film  Defects  on 
Film  Feeding  Over  Idler  Roll 


In  all  cases  the  defects  listed  cause  pimples  or 
surface  imperfections  on  the  film.  Defects  10 
mils  or  larger  can  cause  the  film  to  tear.  Fre- 
quent loss  of  entrapped  air  within  the  bubble  is 
an  indicator  that  there  is  possible  contamination 
(provided  that  the  die  is  centered  and  at  the 
proper  temperature).  A relatively  large  20  mesh 
screen  is  used  to  allow  contamination  to  pass 
through  and  be  seen  in  the  film.  If,  however,  some 
form  of  debris  is  caught  within  the  die  it  will 
cause  a continuous  tear  in  the  film  at  which  time 
the  die  must  be  disassembled  and  cleaned. 

A point  of  caution  when  extruding  film  is  the  die 
head  pressure.  Care  must  be  exercised  to  insure 
that  excessive  pressure  does  not  develop  from  a 
cold  or  clogged  die.  For  some  polymers,  other 
than  PVC,  a critical  melt  temperature  is  important. 

Typical  conditions  for  extruding  semirigid  PVC, on 
our  1-1/2"  diameter  24/1  extruder,  are  as  follows: 


Head  Pressure 

6000  psi 

RPM 

Temperature  °F 

40 

Die 

330 

Adaptor 

330 

Melt 

360 

Zone  3 

330 

Zone  2 

325 

Zone  1 

320 

Resin  defects  in  blown  film  can  be  3 or  4 times 
the  thickness  of  the  basic  2 mil  film.  To  verify 
that  the  pimple  defect  is  resin  as  opposed  to  a 
filler-like  additive,  the  speck  and  surrounding 
film  area  are  cut  from  the  sample  and  pressed 
between  two  heated  (375°+10°F)  microscope 
slides.  A clear  area  blending  into  the  usually 
opaque  surrounding  area  shown  in  Figure  4 indi- 
cates that  the  defect  is  resin. 


Figure  4 

Clear  Resin  Gel  Pressed  Out 
Between  Preheated  Microscope  Slides 


For  softer  or  more  rigid  formulations,  tempera- 
tures should  be  adjusted  down  or  up  respectively. 
If,  by  raising  the  temperature  profile  in  the 
extruder  to  obtain  a higher  melt  temperature 
(380°)  fewer  resin  gels  are  seen,  then  one  can 
assume  that  the  same  effect  can  be  obtained  when 
extruding  compound  in  the  shop.  On  the  other 
hand,  if  it  is  not  necessary  to  raise  the  film 
extrusion  temperature  to  reduce  the  gel  count, 
then  it  can  be  assumed  that  the  lot  of  compound  is 
better  mixed.  By  the  same  microscope  slide  test, 
an  opaque  speck  that  does  not  flow  is  a pigment 
or  filler-like  additive.  These  nontransparent 
defects  will  appear  as  dark  specks  when  placed 
over  a frosted  light  box.  They  will  appear  as 
white  or  pigment  colored  if  placed  over  a con- 
trasting black  background  and  viewed  with  re- 
flected light  at  preferably  3 to  5X  magnification. 

Lead  stabilizer  specks,  imbedded  in  film  (Figure 
5a)  turn  black  (Figure  5b)  when  sliced  with  a 
razor  blade  and  exposed  to  a 30?  sodium  sulfide 
solution,  while  antimony  trioxide  will  appear 
orange. 

Pigments  will  appear  as  their  natural  color,  some- 
times streaked  when  the  compound  is  pressed 
between  preheated  microscope  slides.  Other 
questionable  film  defects  can  be  evaluated  by 
appropriate  analytical  methods. 
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Figure  5a 


Figure  5b 


Lead  Speck  (24X)  Sliced  Lead  Speck  Exposed 
to  30%  Sodium  Sulfide 
Solution  (5X) 

(Turns  Black) 


Shop  Extrusion  Experiences 

Lead  stabilizer  agglomeration  and  dispersion  has 
caused  more  than  its  share  of  extrusion  difficul- 
ties. Tribasic  lead  sulfate,  for  example,  is  a 
product  of  the  chemical  reaction  between  lead 
oxide  (PbO  "litharge")  and  sulfuric  acid. 

PbO  + H2S04 3 PbO  PbS04H3oJ 

In  the  manufacturing  process,  the  precipitated 
slurry  cake  must  be  dried  and  pulverized  to  break 
up  the  agglomerates.  If  pulverization  and  air 
classification  are  inadequate,  agglomerated  lead 
particles  will  remain  In  the  stabilizer  batch. 
Tribasic  lead  sulfate  contains  one  mole  water  of 
hydration  and  has  a tendency  to  agglomerate.  To 
prevent  agglomeration  and  Improve  dispersion  it 
is  usually  surface  treated. 

Lead  Dispersion 

In  one  incident  a rail  hopper  car  of  semirigid 
natural  insulating  compound  caused  excessive 
faults  in  all  Insulating  extruders.  Screen  packs 
showed  an  accumulation  of  white  powder  (Figure  6). 


Figure  6 

Lead  Stabilizer  Accumulated 
on  Extruder  Screen  Pack 


After  cleaning  the  extruder  head,  the  spark  test 
fault  level  at  wire  insulating  was  reduced  until 
the  screen  pack  (150  x 250  mesh  dutch  weave) 
became  clogged  forcing  the  contaminant  through, 
causing  faults.  A sulfide  solution  stained  the 
white  powder  black  indicating  a presence  of  lead. 
Blown  film  of  that  particular  lot  of  semi-rigid 
PVC  clearly  revealed  white  lumps  which  also 
stained  black.  The  remaining  portion  of  that 
railcar  was  rejected. 

Grainy  Film  - Poor  Dispersion 

Another  example  of  poor  surface  smoothness  can 
be  attributed  to  a "grainy"  film.  Wire  insu- 
lation with  semirigid  PVC,  which  produces  a "grainy" 
surface  when  -extruded  as  blown  film  also  produces 
a rough  textured  surface  when  extruded  in  the  shop. 

Microscopic  examination  of  the  film  seen  in 
Figure  7a  shows  an  abnormal  number  of  particles 
larger  than  is  seen  in  a uniform  background 
sample  Figure  7b  which  represents  good  dispersion. 


Figure  7a 


Poor  Lead  Dispersion 
(24X) 


Figure  7b 

Good  Lead  Dispersion 
(24X) 

During  an  extended  period  of  5 to  6 months, 
periodic  high  fault  counts  were  noted  at  wire 
Insulating  lines.  Poor  dispersion  of  filler-like 
additives  was  seen  in  the  blown  film.  A sieve 
analysis  of  particular  lots  of  trlbasic  lead 
sulfate  stabilizer  Indicated  that  up  to  .021  of 


the  retained  stabilizer  had  particles  from  50  to 
1000  microns.  (Figure  8)  In  contrast,  other  lots 
of  lead  stabilizer  had  no  retention  of  particles 
left  on  a #325  mesh  screen  when  tested  per  stan- 
dard wet  screen  procedure. 


Figure  8 


Retained  Tribasic  Lead 
Sulfate  on  #325  Mesh  Screen 
(10X) 


A #325  mesh  sieve  has  43  micron  openings,  however, 
and  it  is  not  a particularly  good  quality  control 
inspection  test  for  5 micron  and  less  PVC  addi- 
tives. A sedigraph  or  laser  beam  particle  size 
analysis  system  is  more  desirable.  These  systems 
measure  the  particle  size  distribution  over  a 
range  of  1 to  200  microns. 

Also  to  be  noted,  is  the  fact  that  a particle  size 
analysis  may  not  represent  what  is  actually  fed  to 
the  dry  blend  mixer.  Ideal  particle  size 
reduction  could  result  from  sample  preparation,  a 
process  which  would  size  reduce  particles  beyond 
what  would  be  accomplished  in  compounding. 

Extruding  blown  film  is  therefore  a prudent  test 
for  the  user  of  purchased  compound  since  he  has 
only  indirect  quality  control  over  ingredients. 

The  compounder,  on  the  other  hand,  can  use  the 
test  to  improve  compounding  procedures.  In  fact, 
it  could  be  used  to  optimize  compound  quality  as 
is  beinq  done  in  critical  polyethylene  film 
processes. 

Black  Color  Concentrate 

Spark  test  failures  involving  black  pigments  are 
particularly  difficult  to  analyze  since  degraded 
compound,  at  the  failure  point,  is  indistinguish- 
able from  the  base  color.  Several  years  ago  one 
of  our  Western  Electric  locations  Isolated  a 
sample  of  black  color  concentrate  that  was  causing 
excessive  spark  test  failures  at  the  insulating 
line.  Upon  extruding  blown  film,  using  a known 
quality  natural  base  compound  and  the  questionable 
black  color  concentrate,  it  became  readily  apparent 
that  poor  pigment  dispersion  was  responsible  for 
the  spark  failure.  Figure  9 shows  a sample  of 
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smooth  black  pigmented  film  placed  over  the  rough 
textured  film  containing  an  inferior  lot  of  dis- 
persed black  color  concentrate.  Microscopic 
examination  of  1.5  mil  film  using  transmitted 
light  at  24X  (Figure  10a  and  1 OB)  shows  good  and 
bad  dispersion  respectively. 


Figure  10b 


Poor  Dispersion  of  Furnace  Black 
Color  Concentrate,  1 Part 
in  Natural  Semirigid  PVC 


Summar 


Extruding  blown  film  is  a practical  raw  material 
inspection  test  for  the  evaluation  of  wire  and 
cable  compounds.  It  produces  a ready  display  of 
compound  defects  that  can  cause  scrap  rates  to 
increase  on  the  product  line.  By  far  the  most 
significant  shop  extrusion  problems  can  be 
attributed  to  degraded  resin,  unplasticized 
and  partially  plasticized  resin  gels  as  well  as 
poorly  dispersed  ingredients. 

This  test  fills  the  gap  between  standard,  physical 
inspection  procedures  and  actual  shop  processing. 


Figure  9 

Photograph  of  Smooth  Black  Pigmented 
Film  (right)  Over  Rough  Textured 
Poor  Carbon  Black  Dispersion  Sample 
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IMPROVED  RESISTANCE  VALUES  FOR  CRIMPED 
TERMINATIONS  OF  NICKEL-PLATED  ELECTRICAL  WIRE 
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McDonnell  Douglas  Corporation 
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Summary 

The  generally  inferior  performance  of  crimped,  nickel-plated 
wire  terminations  when  compared  to  tin-plated  wire  was 
investigated,  A comprehensive  survey  was  made  to  delineate 
the  particular  troublesome  wire/termination  hardware 
combinations.  Heat-aging  large  populations  of  such  crimped 
terminations  resulted  in  continuously  increasing  millivolt  drop 
values  across  the  contact  wire  interface.  A variety  of  cleaning 
techniques  applied  to  the  conductors  before  crimping 
significantly  improved  performance.  Electron  scanning 
microscope*  photographs  revealed  contamination  particles. 
Analysis  identified  them  as  residue  of  lubricants  and  cooling 
fluids  used  during  the  strand  drawing  operation.  Alternate 
fluids  were  selected  and  trial  production  runs  completed.  It  is 
believed  the  performance  levels  and  long-term  reliability  of 
rrimped.  nickel-plated  wire  terminations  will  be  improved  by 
these  new  strand  drawing  procedures. 

Diacusaion 

The  transition  in  the  aerospace  industry  from  soldering  to 
mechanical  crimping  for  wire  terminations  occurred  approx- 
imately 20  years  ago.  It  had  long  been  recognized  that  solder- 
ing nickel-plated  wire  required  more  rare  than  soldering  silver 
or  tinplate.  An  identical  difficulty  was  soon  observed  with 
crimp  terminations. 

The  experience  at  Douglas  Aircraft  Company  has  been  largely 
with  tin-plated  conductors.  The  use  of  nickel-plated  wires  was 
limited  to  high-temperature  applications  such  as  engine  pods. 
It  was  acknowledged  that  the  crimping  of  nickel  plate  was  a 
more  marginal  operation.  But  it  was  believed  that  tighter- 
toleranced  tools  and  more  frequent  calibration  procedures 
could  compensate  for  the  difficulty. 

In  the  summer  of  1976.  an  effort  was  made  to  convert  from  tin- 
plated wire  to  nickel-plated  MIL-W-81381/12  type  wire.  An  ex- 
tensive survey  was  made  of  the  common  electrical  termina- 
tions in  use  on  Douglas  commercial  aircraft.  Tests  were  con- 
ducted in  which  nickel-plated  wire  was  terminated  with  the 
standard  crimping  tools  and  termination  hardware  commonly 
used  with  the  tin-plated  wire.  Millivolt  drop  readings  and 
breaking  strength  measurements  were  made  and  compared  to 
MIL-  W-22520  criteria  and  Douglas  quality  standards. 

The  results  were  interesting.  Many  lugs  and  contacts  were 
found  to  be  perfectly  compatible  with  nickel-plated  wire.  Other 


terminations  posted  occasional  poor  readings.  And  still  a third 
category  appeared  consistently  bad. 

An  effort  was  made  to  determine  the  reason  for  this  erratic 
situation.  This  paper  describes  in  chronological  sequence  the 
steps  taken  in  this  investigation.  Over  10.000  data  points  were 
noted,  and  it  was  with  reluctance  that  most  of  them  had  to  be 
omitted  for  this  brief  presentation.  Although  a potential  cause 
of  the  nickel-plating  crimp  problem  was  observed,  the 
researchers  do  not  claim  that  the  final  solution  has  been 
reached.  It  is  hoped  that  the  following  data  will  suggest  other 
avenues  of  research  that  escaped  the  authors. 

Test  Results 

Unless  specified  for  tin-plated  wire,  all  data  are  for  nickel- 
plated  conductor.  Since  the  full  reason  for  the  nickel-plate 
problem  cannot  be  laid  to  the  manufacturer  applying  the 
insulation,  it  was  deemed  desirable  to  use  letter  designations 
to  distinguish  between  sources.  More  than  one  manufacturer 
was  used  in  this  study.  But  the  most  impressive  results  were 
obtained  from  one  particular  quantity  of  wire,  designated  as 
from  a “Wire  Manufacturer  A"  in  this  paper. 

Millivolt  drop  and  crimp  strength  criteria  for  tin-plated  wire 
from  MIL-C-22520F  are  referenced  on  most  of  the  graphs. 
These  are  indicated  by  short,  horizontal  lines,  solid  or  dashed, 
at  the  appropriate  level  on  the  ordinate.  Despite  the  fact  that 
an  amendment  to  MIL-C-22520  has  relaxed  the  requirements 
for  nickel-plated  wire  crimps  so  that  they  no  longer  need  be  as 
low  as  tin-plate  values,  this  investigation  was  intended  to 
achieve  a quality  level  equivalent  to  tinplate.  This  became  even 
more  desirable  when  it  was  observed,  as  will  be  shown,  that 
the  high-  millivolt  drop  readings  of  nickel-plated  wire  crimps 
could  grow  during  heat  aging  to  truly  prohibitive  heights. 

Vendor  part  numbers  for  the  applicable  termination  hardware 
and  crimp  tools  are  listed  on  each  illustration.  Their  sources 
are  summarized  in  Table  1. 

Initial  Survey 

A sampling  of  the  many  crimped  terminations  that  had 
acceptable  values  is  given  in  Table  2.  In  this  listing,  the 
millivolt  drop  value  cited  is  the  maximum  recorded  among  the 
indicated  number  of  specimens.  All  results  in  Table  2 were 
obtained  with  one  production  batch  of  nickel-plated  wire  from 
Wire  Manufacturer  A. 
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TABLE  1 

TOOL  AND  CONTACT  MANUFACTURERS 


CONTACT 

MANUFACTURER 

CONTACT 

MANUFACTURER 

IRC  122-5  WITH 

BURNOY 

0319139001 

ITT  CANNON 

GSC071T  SLEEVE 

THOMAS  ANO  BET  IS 

031  9134004 

ITT  CANNON 

LRC20W5 

BURNOY 

031  9174003 

ITT  CANNON 

LRM16W2 

BURNOY 

031  9203009 

ITT  CANNON 

LRM20W5 

BURNOY 

031  9209000 

ITT  CANNON 

YAE  18  N2  2 

BURNOY 

20012  303 

OEUTSCH 

YAE  22  015 

BURNOY 

20012  307 

DEUTSCH 

012-0009- 101 

FLIGHT 

8002032  1 

DEUTSCH 

012  1009-201 

012  1012  201 
019-0007  101 
030-1952-000 

FLIGHT 

FLIGHT 

FLIGHT 

ITT  CANNON 

TOOL 

MANUFACTURER 

0302092000 

0302093-000 

ITT  CANNON 

M8ND 

BURNOY 

0 JO- 9091  003 

ITT  CANNON 

M10S 

BURNOY 

031  1007  000 

ITT  CANNON 

11210 

BUCHANAN 

031  1049002 

ITT  CANNON 

15500191 

DEUTSCH 

031  1059001 

ITT  CANNON 

15500012 

OEUTSCH 

031  9091  001 

ITT  CANNON 

612118 

BUCHANAN 

031  9094000 

ITT  CANNON 

612548 

BUCHANAN 

031  9094-001 

ITT  CANNON 

913909 

BUCHANAN 

TABLE  2 

LIST  OF  ACCEPTABLE  CRIMPED  TERMINATIONS 


CONTACT 
FART  NUMBER 

WIRE 

GAGE 

TOOL 

NUMBER 

OF  SPECIMENS 

MAXIMUM 

MILLIVOLT 

DROP 

(MV) 

MINIMUM 

BREAKING 

STRENGTH 

(POUNDS) 

YAE22G15 

20 

M8ND  N14HET  25 

6 

3 77 

YAE18-N2  2 

20 

M8ND  N14HET  25 

5 

489 

031  1049402 

20 

M10S  S-67 

3 IS 

03  IT 049-002 

20 

MIOS  1 S-6A 

3 07 

031  9174  003 

20 

MIOS  S 67 

6 

348 

031  9174  003 

20 

MIOS  1 S-6A 

6 

3 76 

031  9134-001 

20 

MIOS  1 S-8 

6 

3 43 

a ...» 

031  9134  001 

20 

MIOS  1 S6A 

6 

3 61 

031  9203  009 

20 

M10S  1 S 7 

6 

320 

031  9203  009 

20 

M10S  1 S50.  SL  83 

6 

398 

031  9094-001 

20 

M10ST  S 7 

6 

4 19 

msm 

CONTACT 

PART  NUMBER 

WIRE 

GAGE  TOOL 

NUMBER  OF 
SPECIMENS 

MAXIMUM 

MILLIVOLT 

DROP 

(MV) 

MINIMUM 

BREAKING 

STRENGTH 

(POUNDS) 

LRM19W2 

IS  ! MiOS-1  S-7 

12 

304 

42  5 

LRM16W2 

16  MIOS  1 S-7 

12 

3 16 

483 

0301952000 

20  11210 

12 

3 93 

252 

LRC1225 
GSC071T  SLEEVE 

16  MIOS  1 SB 

270 

69  2 

0302063000 

18  MIOS  1 S-8 

6 

398 

485 

8002032  l 

18  MIOS  IS  41 

12 

200 

42  0 

0302062  000 

14  MIOS  1 S-8 

368 

920 

012009-101 

12  ' MIOS- 1 S-8 

29 

102  0 

012  1009-201 

12  MIOS- 1 S-8 

30 

1150 

031  1059001 

12  , MIOS  1 S-8 

26 

123  0 

0302062000 

12  MIOS  1 SB 

3 3 

1360 

20012303 

12  15500012 

3 1 

102  0 

Table  3 gives  some  of  the  readings  that  were  disappointingly 
outside  the  tin-plated  criteria.  This  group  has  only  a minor 
percentage  of  the  test  specimens  with  such  a deviation.  The 
table  gives  the  various  high  values  found  among  the  cited 
number  of  total  samples  for  each  tool/contact  combination. 

Table  4 defines  the  connector  contacts  that  gave  consistently 
poor  readings  when  crimped  on  nickel-plated  wire.  No  special 
adjustments  were  made  to  the  crimp  tools.  In  all  the  work  cited 
so  far.  the  wire  was  processed  as  if  it  were  tin-plated.  These 
results  were  considered  intolerable.  The  following  text  treats 
the  subsequent  investigation  that  was  intended  to  eventually 
crimp  these  contacts  onto  nickel-plated  wire,  with  the  same 
success  as  shown  in  Table  2. 

Crimp-Depth  Study 

A few  explanatory  comments  on  the  figures  in  this  paper 
should  make  them  more  understandable.  Both  millivolt  drop 


TABLE  3 

LIST  OF  ERRATIC  CRIMPED  TERMINATIONS 


CONTACT 

PART  NUMBER 

WIRE 

GAGE 

TOOL 

NUMBER  OF 
SAMPLES 

HIGH  MILLIVOLT 
DROP 
(MV) 

BREAKING 

STRENGTH 

(POUNDS) 

012  1012  201 

20 

MIOS  1 S-8' 

12 

7 87 

37  7 

4 44 

37  75 

440 

35  1 

LRM20W5 

20 

MIOS  1 S6A 

12 

5 49 

27  5 

402 

300 

4 27 

28  6 

4 18 

27  5 

LRC  20W  5 

20 

MIOS  S 67 

12 

4 79 

30  25 

4 26 

25  75 

4 44 

24  0 

4 70 

25  8 

031  9206  000 

20 

MIOS  1 S 7 

6 

460 

305 

406 

32  7 

031-9134-004 

20 

MIOS  S 79 

6 

4 74 

31  7 

4 07 

32  5 

031  1007  000 

20 

MIOS  S 79 

6 

484 

33  3 

4 49 

32  6 

404 

33  5 

4 62 

32  5 

030  9081  003 

20 

MIOS  S 79 

6 

4 45 

32  5 

4 26 

30  8 

4 08 

32  3 

20012  307 

18 

1550016  1 

6 

5 49 

49  0 

— — 

Ilf 

432 

TABLE  4 

LIST  OF  CONSISTENTLY  POOR  CRIMP  TERMINATIONS 


CONTACT 
PART  NUMBER 

WIRE 

GAGE 

— 

TOOL 

— 

NUMBER 

OF  SAMPLES 

MAXIMUM 

MILLIVOLT 

DROP 

(MV) 

MINIMUM 

BREAKING 

STRENGTH 

(POUNDS) 

031  9094-000 

20 

MIOS  1 S50.  SL  33 

14  57 

25  7 

031  9134-004 

20 

MIOS  1.  S41  SL  68 

6 

550 

33  0 

031  1007200 

20 

M10S-1.  S41  SL-69 

« 

6 43 

360 

0309081-003 

20 

MIOS  1 S41.  SL  68 

5 

594 

35  4 

031  9084  000 

16 

MIOS  1 S-7 

6 

1750 

45.2 

031-9091-001 

16 

MIOS  1 S7 

6 

596 

45  0 

03 1 -9206-000 

MIOS  1 S-7 

6 

844 

51.5 

0302003-000 

MIOS  1 S-8 

* 

723 

560 

012  oooa  toi 

MIOS  1 S-8 

6 

568 

820 

012  1009  201 

MIOS  1 S-8 

* 

9.7 

800 

20012  303 

14 

1550012 

622 

62.0 

20012  307 

14 

1550016  1 

70S 

730 

031  1059-001 

U 

MIOS  1 SO 

4 67 

990 

and  breaking  strength  are  frequently  plotted  on  the  same 
graph.  Electrical  characteristics  are  depicted  with  a solid  line, 
mechanical  with  dashes. 

A decision  had  to  be  made  between  showing  average  values  or 
the  entire  observed  span.  Limiting  a graph  to  only  the 
maximum  and  minimum  readings  can  be  misleading,  inasmuch 
as  the  sample  population  is  never  evenly  distributed 
throughout  the  span.  But  aerospace  vehicles  do  not  fly  on  the 
average  performance  of  their  components.  The  few 
components  operating  outside  their  permissible  tolerances 
have  effects  out  of  all  proportion  to  their  insignificant 
numbers.  Therefore,  the  outermost  measurements  defining 
the  envelope  were  used. 

The  measured  gap  between  the  fully  collapsed  dies  of  a 
crimping  tool  is  known  as  the  G dimension.  Due  to  springback 
of  the  contact  metal,  the  measured  indentation  affected  by  the 
dies  is  frequently  larger  than  the  intended  G dimension.  In  all 
the  original  work,  both  the  initial  die  clearance  and  the  final 
crimp  depth  were  measured  and  recorded.  In  this  paper,  only 
the  G dimension  will  be  given.  In  Figure  1.  a nominal  0.035- 
inch  G dimension  was  used  for  this  survey  of  a standard  tin- 
plated wire  and  versions  of  nickel-plated  MIL-W-81381/12  from 
two  wire  manufacturers.  Six  specimens  of  tin-plated  wire 
provided  low-millivolt  drop  measurements  which  were 
extremely  uniform.  The  span  of  millivolt  drop  measurements 
for  the  two  nickel-plated  versions  is  larger  and  each  is 
obviously  different  from  the  other.  Although  samples  from 
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FIGURE  1.  COMPARISON  BETWEEN  NICKEL  ANO  TIN  PLATE 


Manufacturer  A did  yield  acceptable  millivolt  drop  readings  at 
this  G dimension  setting,  the  corresponding  breaking  strength 
values  are  below  the  desired  criteria. 
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The  variation  of  millivolt  drop  and  breaking  strength  per- 
formance shown  in  Tables  2 through  4 was  further  studied 
through  the  mechanism  of  constructing  profiles.  Using  (he 
same  wire  sample  from  Manufacturer  A and  the  same  crimping 
tool.  MIL-C-22520  1.  a range  of  G dimensions  was  imposed  on 
two  different  contacts.  Groups  of  six  specimens  were  measured 
at  each  G dimension  setting.  Figure  2 plots  the  maximum  and 
minimum  readings  of  each  set  of  six. 

Noting  the  MIL-C-22520  electrical  and  strength  criteria  on  the 
ordinate  in  Figure  2.  it  can  be  observed  that  both  parameters 
lie  largely  in  the  acceptable  zones.  However,  they 
unfortunately  wander  out  at  opposite  ends  of  the  G range.  As 
the  tightening  crimp  improves  the  millivolt  drop,  the  reduced 
cross-sectional  area  of  the  stranding  is  reflected  in  the 
lowering  breaking  strength.  Consequently,  the  range  where 
both  are  acceptable  is  quite  narrow  and  in  the  center  of  the  tool 
range.  This  could  be  a principal  reason  for  the  erratic  results 
experienced  by  industry  in  crimping  nickel-plated  wire.  In 
many  instances,  it  has  been  reported  that  simple  adjusting  of 
the  crimping  tool  was  adequate  to  regain  satisfactory 
performance.  But  it  is  questionable  how  long  a tool  can  hold  a 
narrowly  optimum  G setting. 

There  has  been  a popular  theory  that  the  successful  crimping 
of  nickel-plated  wire  requires  an  8-indenl  tool.  Most  of  the 
work  defined  this  far  has  been  with  the  standard  4-indent 
crimp  tools  commonly  used  with  tin-plated  wire. 

Employing  two  different  8-indent  tools,  very  detailed  G- 
dimension  profiles  were  constructed  comparing  Manufacturer 


As  nickel-plated  wire  with  a commonly  used  tin-plated  wire. 
The  same  contact,  P/N  031-9084-001.  was  used  throughout. 
Settings  were  varied  by  only  0.002  inch  and  six  specimens 
were  used  each  time. 

The  Buchanan  adjustable  P/N  613606  provided  excellent 
results  on  the  tin-plated  wire  throughout  the  entire  span  of 
readings.  Both  millivolt  drop  and  breaking  strength  are 
consistently  acceptable  in  the  top  part  of  Figure  3.  However, 
the  bottom  part  of  the  figure  for  nickel-plated  wire  shows  an 
abrupt  increase  in  millivolt  drop  as  the  looser  crimp  settings 
are  approached. 

The  Buchanan  P/N  612548  also  imposes  an  8-indent  crimp.  But 
unlike  the  previous  tool  which  steps  the  dimples,  all  eight 
indentations  are  of  equal  depth.  The  results  shown  in  the  top  of 
Figure  4 are  startling.  The  tin-plated  wire  preserves  its 
desirable  millivolt  drop  over  the  range  of  settings,  but  the 
tighter  crimps  seriously  erode  the  physical  strength  of  the 
termination.  The  corresponding  nickel-plated  wire  graph, 
shown  in  the  bottom  part  of  the  figure,  likewise  reveals 
disappointing  breaking  strength  values. 

To  continue  the  demonstration  of  how  revealing  G dimension 
profiles  can  he.  gauges  20.  22.  and  24  are  depicted  in  Figures  5 
through  7.  The  narrowness  of  the  acceptable  combination  of 
millivolt  drop  and  breaking  strength  values  is  enhanced.  The 
Buchanan  8-indent  tool  612118,  qualified  to  MS3198,  was  used 
for  all  terminations. 


FIGURE  3.  COMPARISON  BETWEEN  TIN  AND  NICKEL  PLATE 
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IGURE  4.  COMPARISON  BETWEEN  TIN  AND  NICKEL  PLATE 


Heat  Aging  Study 

As  mentioned  earlier.  Amendment  I to  MIL-C-22520F  permits 
virtually  all  millivolt  drop  values  for  nickel-plated  wire  that 
have  been  shown  so  far.  A series  of  heat  aging  exposures  was 
undertaken  to  determine  how  stable  these  initial  voltage 
measurements  are. 

Six  specimens  each  of  tin-  and  nickel-plated  wire  were  utilised. 
Gages  20  and  16  were  crimped  in  the  identical  contact  with  an 
MS3191  tool.  Millivolt  drop  values  were  monitored  through  a 
28-hour  exposure  to  400°F.  This  is  a severe  exposure  for  tin. 
That  element  forms  nonconductive  intermetallic  coatings  at 
short-term  exposures  of  300°F.  The  deterioration  of  the  tin- 
plated samples  at  this  abuse,  as  shown  in  Figure  8,  is  therefore 
not  surprising.  What  is  significant  is  the  vastly  greater 
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20-gage  terminations  that  were  successively  heat-aged  at  two 
temperature  levels.  First,  a 63-hour  test  at  250°F  was  used. 
After  the  millivolt  drop  readings  were  recorded,  the  specimens 
were  returned  for  an  additional  23  hours  at  400°F.  Six  samples 
were  used  in  each  group  at  a G-dimension  setting.  In 
Figure  10,  only  the  average  of  each  set  of  six  measurements  is 
shown.  Tensile  values  were  obtained  at  the  completion  of  the 
thermal  aging.  It  is  well  that  they  were.  The  tighter 
G-dimension  zone  would  indicate  relatively  stable  millivolt 
drop  readings,  but  the  corresponding  breaking  strength  trace 
reveals  diminishing  quality  crimps. 
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FIGURE  10.  G-DIMENSION  PROFILE  OF  HEAT-AGED 
TERMINATIONS 


FIGURE  8.  COMPARISON  OF  TIN  AND  NICKEL  PLATE 
HEAT-AGED  TERMINATIONS 


increase  in  voltage  drop  experienced  by  the  crimped  Cleaning  Methods 
terminations  of  nickel-  plated  wires. 


The  cumulative  evidence  of  the  catastrophic  effect  of  heat  on 
nickel-plated  terminations  could  be  satisfactorily  explained 
only  by  the  presence  of  some  foreign  material.  An  assumption 
was  made  that  Alpha  Organic  Flux  No.  830  would  probably  be 
effective  in  removing  unknown  surface  contamination.  Twelve 
16-gage  samples  were  cleaned  with  the  flux  and  flushed  with 
alcohol/distilled  water.  Six  more  bare,  stripped  wire  specimens 
were  untreated  and  used  as  a control.  All  were  terminated  in 
the  P/N  031-9084-001  contact  with  a Burndy  M10S-1  4-indent 
tool. 


It  is  acknowledged  that  nickel  is  little  affected  by  an  ambient 
temperature  of  400°F.  Therefore,  this  experiment  was  the 
first  indication  that  an  effect  was  being  observed  from  some 
agent  other  than  nickel. 


The  next  logical  investigation  was  to  determine  if  a more  mild 
exposure  would  affect  a crimped  nickel-plated  wire 
termination.  Figure  9 defines  the  deterioration  observed  after 
continuous  and  cyclic  exposure  to  only  250°F.  Inasmuch  as  the 
exposure  varies  between  readings,  a bar  chart  presentation  is 
used.  Once  again,  an  undeniable  trend  toward  an  increasing 
drop  in  millivolt  values  became  established. 


Figure  11  illustrates  the  results.  The  original  uncleaned 
conductor  millivolt  drop  readings  quickly  deviated  from  the 
cleaned  population.  The  initial  250°F  heat  soak  resulted  in  one 
termination  of  the  control  sample  reaching  a maximum  drop  of 
17.88  mv.  To  conserve  time,  no  subsequent  attention  was  paid 
to  the  control  group.  The  figure  lists  the  various  efforts  made, 
including  physical,  environmental,  and  electrical,  to  induce 
deterioration  in  the  cleaned  specimens.  The  performance  did 
broaden  slightly,  but  obviously  was  stabilizing  by  the  end  of 
the  experiment. 
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Most  of  the  previous  charts  show  results  from 
Manufacturer  A's  wire.  Other  sources  were  used  in  the  study, 
but  normally  with  less  striking  values.  An  exception,  however, 
was  the  effort  to  clean  12-gage  wire.  Alpha  Organic  Flux  830 
could  do  little  to  improve  the  very  satisfactory  performance  of 
wire  from  Manufacturer  A.  But,  as  Figure  12  illustrates,  the 
control  samples  from  conductor  Manufacturer  C quickly 
deteriorated  in  millivolt  drop  value  under  heat-aging  exposure. 


FIGURE  9.  HEAT-AGING  AND  THERMAL  SHOCK 


The  search  began  for  other  efficacious  cleaning  agents. 
Figure  13  displays  plots  for  some  of  the  imaginative  materials 
that  were  quickly  investigated.  “Sand  dip"  consisted  of 


To  obtain  an  even  clearer  understanding  of  the  phenomenon 
being  studied.  G-dimension  profiles  were  generated  for  a set  of 
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FIGURE  11.  ENVIRONMENTAL  AGING  OF  CLEANED 
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FIGURE  12.  COMPARISON  OF  12-GAGE  FROM 
ALTERNATE  SOURCES 


FIGURE  13.  EFFECTS  OF  VARIOUS  CLEANING  AGENTS  ON 
HEAT  AGED  TERMINATIONS 

inserting  the  stripped  conductor  a few  times  into  a beaker  of 
sand,  followed  by  an  alcohol  rinse.  Another  procedure  was  to 
hold  the  conductor  stationary  in  a beaker  of  floor-sweep 


compound  for  approximately  15  seconds.  Without  touching  the 
strands  or  wiping  them  in  any  fashion,  the  residue  was  rinsed 
off  with  alcohol  and  the  sample  crimped.  A common  pencil 
eraser  was  used  to  rub  the  strands  before  crimping.  The 
evidence  was  growing  that  something  was  being  removed  from 
the  surface  that  had  been  interfering  with  conductivity. 

Table  5 lists  the  results  from  a further  collection  of  cleaning 
agents.  In  the  second  category  cited,  there  was  no  intention  to 
sandblast  off  the  nickel  plating.  The  technician  did  not  know 
the  efficiency. of  the  chamber.  Nevertheless,  the  samples  were 
crimped  along  with  the  other  groupings.  The  bare  copper  low- 
millivolt-drop  readings  are  particularly  interesting.  It  should 
cause  aerospace  engineers  who  are  committed  to  plated 
conductors  to  wonder  if  their  associates  in  the  commercial 
industries,  using  unadorned  copper,  know  something  they  do 
not. 


TABLE  5 

COMPARISON  OF  VARIOUS  CLEANING  METHODS 
ON  HEAT  AGED  TERMINATIONS 
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MILLIVOLT  VALUES  ARE  AVERAGES  OE  S SAMPLES 


The  values  given  in  the  table  are  averages  from  three  samples. 
The  high  measurement  of  the  three  samples  for  the  initial 
control  group  was  more  than  103  millivolts. 

Contamination  Analysis 

The  first  attempt  to  determine  the  nature  of  the  additional 
material  on  the  surface  of  nickel-plated  wire  employed  the 
Auger  electron  spectroscope.  An  ionized  argon  beam 
“sputters"  the  surface,  and  the  removed  elements  are 
identified  on  the  spectroscope.  Plotting  only  the  results  for 
nickel  and  oxygen,  as  shown  in  Figure  14,  reveals  that  a high 
percentage  of  nickel  is  obtained  in  just  a few  minutes  for  the 
sample  cleaned  with  floor-  sweep  mixture.  Conversely,  the 
uncleaned  conductor  requires  20  to  30  minutes  of  "sputtering" 
to  achieve  an  equivalent  percentage.  This  indicates  the 
requirement  to  remove  intervening  material. 

Plotting  the  oxygen  reading,  the  Auger  detects  very  little  of 
that  element  on  the  cleaned  sample.  But  it  requires 
approximately  20  minutes  or  more  to  remove  the  additional 
surface  oxygen  from  the  uncleaned  wire.  The  surface 
contaminant  would  appear  to  consist  of  an  oxygen  compound  of 
some  nature. 
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Drawing  of  nickel-plated  wire  requires  the  use  of  a die 
lubricant.  In  annealing  the  final  strand,  another  fluid  is  used 
for  quenching.  These  liquids  are  quite  standard  in 
metalworking  operations  and  frequently  are  formulations  of 
considerable  antiquity,  having  been  developed  empirically 
many  years  ago.  The  die  lubricant  is  a low-viscosity  oil  usually 
based  in  part  on  zoological  products.  Quantities  of  these  fluids 
were  secured  from  the  principal  conductor  suppliers.  They 
were  evaporated  and  reduced  to  their  solid  residues.  Infrared 
spectrographs  were  obtained  not  only  from  these  substances 
but  also  from  the  globules  illustrated  in  Figure  15.  Needless  to 
say,  the  comparative  study  of  these  spectrographs  noted  many 
lines  of  similarity.  Both  showed  the  unmistakable  presence  of 
straight  chain  hydrocarbons  with  minor  amounts  of  ester 
linkages.  A strong  assumption  can  therefore  be  made  that 
trace  residues  of  the  drawing  and  quenching  fluids  frequently 
remain  in  varying  amounts  on  the  surface  of  nickel-plated 
strands. 
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FIGURE  14.  AUGER  ELECTRON  SPECTROSCOPIC  COMPOSITIONAL 

DEPTH-PROFILES  OF  SURFACE  REGIONS  ON  UNCLEANED 
AND  FS-CLEANED  WIRES 


The  scanning  electron  beam  microscope  was  used  fer  a series  of 
magnifications.  Figure  15  presents  selected  photographs.  The 
cleaned  samples  were  affected  by  dipping  the  stripped  wire 
into  the  commercial  floor-sweep  mixture.  The  220X 
photograph  of  the  control  specimen  shows  a concentration  of 
material  that  is  admittedly  not  standard.  Contamination 
particles  of  this  size  were  not  normally  observed  at  this 
magnification.  The  1100X  photograph  of  an  uncleaned  surface 
shows  the  more  common  sight.  The  surface  of  the  nickel  plate 
is  covered  by  globules  of  some  extraneous  substance. 


New  Manufacturing  Process 


An  alternate  fluid  was  selected.  It  consisted  of  a water  soluble 
gum  iWSGl.  diluted  with  water  to  concentrations  of  from  1 to 
3 percent.  It  is  organic  in  nature,  and  acted  to  enhance  the 
viscosity  of  the  water.  It  is  an  efficient  friction  reducer  during 
the  passage  of  the  strand  through  the  dies,  but  showed  little 
subsequent  tendency  to  adhere  to  the  nickel  surface. 
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FIGURE  15.  ELECTRON  BEAM  MICROSCOPE  PHOTOGRAPHS 


Cooperative  stranding  producers  made  special  runs  of  nickel- 
plated  conductor,  utilizing  WSG  in  place  of  the  standard  fluids. 
These  wires  were  then  crimped  and  studied  in  the  previously 
described  fashion.  Figure  16  shows  some  of  the  results  of  the 
products  from  two  stranding  suppliers.  Although  the  millivolt 
drop  still  does  not  quite  correspond  to  tin-plated  wire 
performance,  the  stability  of  the  readings  at  elevated 
temperature  over  appreciable  time  is  encouraging. 


In  this  figure,  the  WSG-processed  wire  is  compared  to  a 
stranding  run  that  was  produced  by  conductor 
Manufacturer  C,  using  its  own  proprietary  die-lubricating 
fluid.  Both  reveal  excellent  stability  in  marked  contrast  to  the 
readings  previously  shown  for  the  standard,  animal  fat-based 
fluids. 

CONCLUSION 


FIGURE  16.  HEAT-AGING  OF  WATER  SOLUBLE 
GUM  PROCESSED  WIRE 


Presently,  the  fluids  used  to  lubricate  dies  in  wire  strand 
drawing  operations  are  formulated  into  an  animal  fat  emulsion. 
They  function  by  having  the  water  constituent  act  as  the 
coolant  and  the  animal  fat  as  the  lubricant.  As  the  metal  rod  is 
forced  through  the  dies,  the  emulsion  is  broken  and  discrete 
animal  organic  products  form  a coat  on  the  finished  strand.  The 
animal  fat  is  not  soluble  in  water,  having  to  be  emulsified  with 
a soap  to  form  a colloidal  solution.  Consequently,  any  residue 
deposited  on  the  strand  cannot  be  readily  removed  by 
redissolving  it  in  water.  The  many  millivolt  drop  experiments 
discussed  in  this  paper  would  indicate  this  tenacious  residue 
interferes  with  electrical  connections. 


An  alternative  production  method  is  therefore  proposed:  to  use 
an  aqueous  solution  of  a water  soluble  gum.  This  readily 
miscible  mixture,  depending  upon  the  molecular  weight  of  the 
material  used,  could  be  of  a viscosity  that  will  permit  its  use  as 
a strand  drawing  coolant  and  lubricant. 


Figure  17  illustrates  an  investigation  to  detect  if  the 
performance  of  WSG-proc“ssed  wire  would  deteriorate  when 
appreciable  time  elapsed  between  fabrication  and  use.  Time 
was  simulated  by  temperature  exposure.  Sample  populations 
of  bare  conductor  were  aged  884  hours  at  various  temperature 
levels.  They  were  then  crimped  and  mdlivolt  drop  readings 
taken.  This  represents  the  first  step  in  Figure  17.  The  crimped 
terminations  were  then  subjected  to  additional  oven-aging  at 
450°F  for  144  hours.  The  average  millivolt  value  of  five 
samples  is  shown  for  each  grouping  in  the  second  step  of  the 
figure. 
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FIGURE  17.  PREAGING  OF  WATER  SOLUBLE  GUM  PROCESSED 
WIRE  BEFORE  CRIMPING 
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Summary 

In  a cable  tunnel  system,  cable  outer  diameter 
and  length  are  not  as  limited  as  in  a conduit  system. 
Since  1*171.  NTT  has  investigated  the  most  suitable 
junction  cable  for  cable  tunnel  use.  Field  tests  were 
made  on  cables  from  1*174  to  1*170  and  commercial 
tests  have  been  conducted  to  examine  various  cable 
characteristics  since  1*177.  These  cables  are  now 
successfully  in  service.  A series  of  these  tests 
proved  that  a multi -pair  and  long-section  cable  with 
loading  coils  is  an  optimum  cable  structure  for  cable 
tunnel  use. 

This  new  junction  cable  includes  new  small  load- 
ing coils  at  its  midpoint.  The  part  containing  loading 
coils  is  almost  the  same  as  the  cable  alone  in  outer 
diameter  and  in  mechanical  characteristics  to  ease 
handling  the  cable. 

This  paper  describes  commercial  test  results 
regarding  electrical  and  mechanical  characteristics, 
as  well  as  cable  structures. 

1.  Introduction 

A cable  tunnel  ts  one  of  several  underground 
facilities  to  accommodate  telecommunication  cables. 

It  is  most  effective  in  congested  city  areas.  In  the 
existing  conduit  system,  it  is  difficult  to  install  and 


maintain  many  cables  in  a manhole.  Since  most  man- 
holes are  constructed  in  a street,  it  is  difficult  to  re- 
construct and  to  extend  the  system  due  to  traffic  con- 
gestion. Tlie  cable  tunnel  system  has  a large  cable 
accommodation  capacity  and  has  the  ability  to  protect 
telecommunication  circuits  in  case  of  an  earthquake. 
The  total  length  of  cable  tunnels  in  Japan  amounts  to 
about  200km,  and  increases  year  after  year.  Further- 
more. a "Gable  Tunnel  Network  Project"^  in  urban 
areas  is  now  under  consideration.  After  accomplish- 
ment of  this  plan,  the  total  length  will  amount  to  about 
1 ,100km. 

Figure  1 and  photograph  1 show  a cable  tunnel. 

In  order  to  utilize  the  advantage  of  a cable  tun- 
nel where  cable  outer  diameter  and  length  are  not  as 
limited  as  in  a conduit  system,  investigations  have  been 
conducted  with  regard  to  cable  structures. 

junction  cables,  which  are  generally  used  in  a 
cable  tunnel,  were  studied  to  determine  an  optimum 
structure  for  cable  tunnel  use.  As  a result,  a multi - 
pair  and  long-section  cable,  based  on  the  existing 
junction  cable,  was  designed  to  relax  restrictions  on 
outer  diameter  and  length.  Additionally,  coil  inclusion 
internally  in  the  cable  improves  the  reliability  at  cable 
splices  and  decreases  the  number  of  splices  required 
during  cable  installation. 


Coil  box 
Stub  cable 


\\ 

\ Vertical  channel 

\ \ 

Cable  support  arm 

Lighting 


Cable 
Stub  cable 
Coll  box 


Lighting 


Splicing  point 


Figure  1 Cable  tunnel 
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Photograph  1 Cable  tunnel 


2.  Cable  Structures 

Figure  2 shows  the  cable  for  commercial  tests 
under  practical  use  environments. 


Cable  with  no  loading  coil 


a (Cable  outer  diameter)  : nominal 

b (Coil  including  outer  dimater)  : maximum 
c (Coil  including  length)  : maximum 

d (Cable  length)  : nominal 


79  mm 
99  mm 
1 7 meters 
500  meters 


Figure  2 Cable  for  commercial  tests 


This  cable  has  foamed  polyethylene  (PEF)  in- 
sulated conductors  and  laminated  aluminum  polyethy- 
lene (LAP)  sheathing.  The  cable  is  0.65mm-l  .400  pair 
(containing  1,200  loaded  pairs)  which  is  400  pairs  more 
than  the  maximum  for  conventional  0.05mm  conductor 
cable.  Cable  length.  500  meters,  is  almost  twice  con- 
ventional cable  length.  The  cable  is  designed  so  as  to 
include  loading  coils  at  its  midpoint.  Moreover,  con- 
sidering the  cable  laying  ease,  the  outer  diameter  of 
the  part  containing  loading  coils  is  nearly  the  same  as 
the  cable  alone. 

2,1  Multi-pair  and  Long-section  Design 
. .1.1  Multi  -pair 

The  following  restrictions  are  considered  in 
designing  a multi -pair  cable. 
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(1)  Restriction  on  transportation 

In  Japan,  traffic  rules  generally  restrict  truck 
size  to  less  than  2.5  meters  wide,  12  meters  long, 
3.8  meters  high  and  20  tons  in  gross  weight.  These 
dimensions  determine  transportable  cable  drum  size 
and  truck  weight  loaded  cable.  When  winding  a cable 
on  a cable  drum  for  transportation,  there  are  sev- 
eral limiting  factors  which  must  be  taken  into  ac- 
count. The  cable  bending  ratio,  determined  by  its 
radius  of  curvature,  limits  the  size  of  the  cable 
drum  core.  The  width  limitation  set  up  for  the 
transport  facility  — the  truck  — limits  cable  drum 
width.  Also,  the  diameter  of  the  cable  itself  limits 
the  length  which  can  be  wound  on  a cable  drum  — the 
larger  the  diameter,  the  shorter  the  overall  cable 
section  length.  Therefore,  large  multi -pair  cable 
design  (a  great  number  of  pairs  accommodation  in 
one  cable)  is  contrary  to  long- section  cable  design 
(a  cable-piece  length  enlargement)  described  in 
paragraph  2.1.2. 

(2)  Cable  support  arms  interval 

Upper  and  lower  cable  support  arms  are  fixed 
at  intervals  of  about  20cm  in  a cable  tunnel.  Hence, 
the  outer  diameter  of  both  the  cable  and  its  splice 
must  be  less  than  the  space  between  cable  support 
arms. 

(3)  Cable  laying  workability 

It  is  desirable  to  enlarge  a cable  outer  dia- 
meter so  as  to  accommodate  a great  number  of 
pairs  in  one  cable,  not  so  far  as  the  efficiency  low- 
ering in  cable  transporting  and  laying. 


2.1.2  Long-section 

In  Japan,  most  of  conduit  systems  are  con- 
posed  of  rigid  polyvinyl-chloride  (PVC)  pipes  and 
cast  iron  pipes.  A cable-piece  length  is  restricted 
to  about  250  meters  due  to  friction  between  cable 
and  conduit  when  pulling  the  cable  into  conduit. 

On  the  other  hand,  in  a cable  tunnel,  it  is  not 
necessary  to  consider  the  friction.  This  makes  it 
possible  to  increase  cable  length. 

Long-section  design  has.  however,  restric- 
tions as  well  as  multi-pair  design.  Especially, 
electrostatic  coupling  is  the  most  important  factor 
to  be  considered. 

In  Japan,  junction  circuits  are  generally  loaded. 
Crosstalk  in  loaded  circuits  is  chiefly  because  of 
electrostatic  coupling.  When  a cable  is  manufac- 
tured, electrostatic  coupling  in  each  quad  increases 
with  complex  characteristics  of  the  following  factors. 

(i)  Random  coupling  along  cable 

(proportional  to  square  root  of  the  cable  length) 

(ii)  Uniform  coupling  along  cable 

(proportional  to  the  cable  length) 

Therefore,  the  cable  length  cannot  be  increased 

freely  because  uniform  coupling  along  the  cable  can- 
not be  disregarded.  A pair -type  cable  makes  it  rela- 
tively easy  to  increase  the  cable  length.  In  Japan, 
however,  a quad-type  cable  with  a high  rate  of  con- 
ductor accommodations  is  used.  It  was  decided  not 
to  change  the  cable  structure  from  the  quad-type  to 
the  pair-type,  because  the  change  would  have  a major 
influence  on  the  present  telecommunication  cable  sys- 
tem. 
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Through  consideration  on  the  above  restrictions 
in  paragraph  2.1.1  and  2.1.2,  1,400  pairs  and  500  me- 
ters was  adopted  as  optimum  values  for  0.65mm  con- 
ductor cable. 

2.2  Coil  Inclusion  Concept 

An  internal  loading  coil  structure  is  designed  in 
order  to  use  the  cable  tunnel  space  effectively,  to  im- 
prove reliability  in  splices  and  to  save  construction 
manpower  due  to  splicing  point  decrease.  Cable  sec- 
tions including  coils  can  be  handled  in  the  same  way 
as  other  parts  of  the  cable. 

2.2.1  New  Small  Loading  Coil 

A new  small  loading  coil  was  developed,  hav- 
ing the  same  electrical  properties  as  the  conven- 
tional loading  coil,  for  inclusion  into  the  cable  during 
its  manufacture  and  for  use  with  existing  loading  coil 
systems. 

Figure  3 illustrates  the  new  small  loading  coil 
and  Table  1 shows  its  dimensions  and  electrical  char- 
acteristics compared  with  those  of  the  conventional 
loading  coil. 


Here,  an  idea  was  worked  out  to  facilitate 
splicing  work  between  cable  conductors  and  the  wind- 
ing coil  wire  involved  in  this  new  coll.  A printed 
board  is  bonded  to  the  ferrite  core  with  an  adhesive. 
Through  this  board,  0.14mm  coll  wires  and  0.4mm 
lead  wires  are  soldered  to  each  other.  The  lead 
wire,  as  it  is,  does  not  have  sufficient  mechanical 
strength.  Epoxy  resin  is  painted  over  this  contact 
area  to  give  more  strength.  Therefore,  the  splice 
has  higher  mechanical  tensile  strength  than  the 
0.4mm  lead  wire. 

2.2.2  Coil  Unit  Structure 

A coil  unit  is  composed  of  a hundred  new  coils 
in  a line.  Since  there  would  be  crosstalk  due  to  mag- 
netic flux  between  coils,  shielding  plates  are  put  bet- 
ween them.  Figure  4 shows  the  near-end  crosstalk 
improvement  with  shielding  plate.  A shock-absorbing 
material  is  used  to  reduce  friction  between  coil  and 
plate  for  flexibility,  and  to  protect  the  vulnerable 
ferrite  core  from  direct  external  stress.  Lead  wires 
are  placed  along  the  aligned  coils. 

Coil  unit  structure  is  shown  in  Fig.  5. 


Lead  wire 


Ferrite  core 


/ Printed  board 

Figure  3 New  small  loading  coil 

Table  1 Comparison  between  new  small  coil 
and  conventional  coil 


2.2.3  Coil  Units  Arrangement 

Coil  units  are  circular  to  prevent  an  increase 
in  the  outer  diameter  of  the  cable  containing  loading 
coils.  Also,  for  return  loss  control  purposes,  the 
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a (Coil  unit  length) 

b (Coll  unit  outer  diameter) 

c (New  small  coil  outer  diameter) 


about  1300  mm 
about  27  mm 
14  mm 


Figure  5 Coll  unit  structure 
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allowable  length  of  cable  containing  the  loading  coil 
is  within  22  meters,  which  is  a half  of  5 percent 
loading  interval  deviation.  This  means  that  this  part 
is  made  as  short  as  possible.  However,  the  loading 
coil  units  cannot  be  too  bunched  together.  Loading 
coil  units,  each  unit  handling  100  pairs,  arc  located 
in  the  cable  as  shown  in  Fig.  0.  To  ease  installation, 
loading  coil  units  are  installed  in  pairs  on  opposite 
sides  of  the  cable.  Subsequent  pairs  of  loading  coil 
units  are  placed  end  on  from  the  previous  two  load- 
ing coil  units,  but  located  at  a different  circumferen- 
tial position.  Figure  6 shows  one  pair  of  loading  coil 
units  in  the  A- A'  position  in  the  cross  section  view. 
The  subsequent  loading  coil  units  are  shown  in  the 
B-B'  position  in  the  cross  section  view. 


o , 


100  cable  pair  unit 


Figure  6 Coil  unit  arrangement 


2.2.4  Splicing  at  Coil-including  Part 

Splicing  between  coil  unit  and  cable  conductors 
is  made  by  manual  twist  and  soldering.  Spliced 
pairs  are  covered  with  a sleeve.  This  method 
makes  it  possible  to  reduce  the  outer  diameter  of 
the  cable  containing  loading  coils. 

The  coil  units  are  sheathed  with  a polyethylene 
pipe  with  a thin  metal  layer.  The  pipe  is  jointed  to 
the  cable  sheath  by  a heat -welding  method. 

2.3  Cable  Splicing  in  Cable  Tunnel 

The  cable  conductors  are  spliced  by  using  a con- 
ductor splicing  machine.  An  auxiliary  lead  sleeve 
method4  is  adopted  for  cable  sheath  jointing.  The 
splice  is  made  longer  to  prevent  an  increase  in  lead 
sleeve  diameter. 

3.  Commercial  Tests 


NTT  began  commercial  tests  on  many  kinds 
of  cable  characteristics  in  1977. 


3.1  Commercial  Test  Outlines 
Commercial  tests  were  held  in  about  6 km 

junction  line  between  Shinjuku  and  lkebukuro  telephone- 
office  in  Tokyo.  These  new  junction  cables  were  laid 
in  cable  tunnels  by  means  of  a "Curtain  Rod"  system-*. 

The  factors  examined  in  these  tests  are  des- 
cribed below. 

(1)  High  frequency  characteristics  of  non-loaded 
circuits  (Attenuation  constant,  Near-end  cross- 
talk, Far-cnd  crosstalk) 

(2)  Voice  frequency  characteristics  of  loaded  cir- 
cuits (Attenuation  constant,  Characteristic 
impedance,  Near-end  crosstalk) 

(3)  Electrostatic  coupling  in  each  quad 

(4)  Gas  pressurization  characteristics 

(Gas  flow  resistance.  Pneumatic  volume.  Gas 
flow  rate) 

3.2  Commercial  Test  Results 

Cables  were  laid  under  conditions  wherein  the 
minimum  radius  is  about  80cm  on  cable  drum  and 
the  maximum  vertical  height  from  ground  level  to 
cable  tunnel  bottom  is  about  30  meters.  Despite  these 
severe  conditions,  neither  mechanical  nor  electrical 
troubles  occurred.  This  means  that  the  cables  have 
sufficient  mechanical  strength  for  cable  laying. 

The  high  frequency  characteristics  of  non- 
loaded  line  are  shown  in  Fig.  7.  These  characteris- 
tics are  as  good  as  those  of  the  conventional  multi- 
pair PEF-LAP  junction  cable4--’. 


Figure  7 High  frequency  characteristics  of 
non-loaded  line 


The  voice  frequency  characteristics  of  loaded 
circuits  are  shown  in  Figs.  8 and  9.  These  character- 
istics are  almost  equal  to  those  of  the  existing  loaded 
circuit  which  includes  conventional  loading  coils. 


1 


261 


4.  Conclusion 


Frequency  (kHz) 

Figure  8 Loaded  circuit  voice  frequency 
characteristics  (1) 


New  junction  cable 


Conventional  loaded  circuit 


Figure  9 Loaded  circuit  voice  frequency 
characteristics  (2) 


Average  absolute  electrostatic  coupling  values 
are  shown  in  Table  2.  These  values  are  also  nearly 
equal  to  those  of  the  conventional  multi-pair  PEF-LAP 
junction  cable. 

Table  2 Electrostatic  coupling  (per  150  meters) 


This  new  jurction  cable  increases  overall  work- 
ing space  in  a cable  tunnel  due  to  elimination  of  load- 
ing coil  boxes  and  stub  cables.  It  improves  reliablility 
due  to  loading  coil  inclusion  during  its  manufacture, 
and  saves  construction  manpower  due  to  splicing  point 
decrease. 

Along  with  the  growth  of  cable  tunnel  networks, 
this  new  junction  cable  with  loading  coils  will  be  ex- 
tensively introduced  in  Japan. 
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Item 

Electrostatic  coupling 

Average 

Maximum 

New  junction  cable 

15  pF 

81  pF 

Multi-pair  PEF-LAP 
junction  cahle 

19  pF 

88  pF 

Gas  pressurization  characteristics  are  shown  in 


the  following. 

(■(kg/cm2)2) 

Gas  flow  resistance  : 

1.6  x 10'4 

e m.g/min  J 

Pneumatic  volume  : 

2.8 

[g/(nvkg/cm2) 

Gas  flow  rate  : 

4.7  x 103 

(m2/min) 

262 


Kohsuke  lshizaki 
Nippon  Telegraph  and 
Telephone  Public 
Corporation 
1-1-6  Uchisaiwai-cho, 
Chiyoda-ku,  Tokyo, 
Japan 

Mr.  lshizaki.  Staff  Engineer  of  NTT's 
Engineering  Bureau,  is  now  engaged  In  developmental 
research  on  junction  cables  with  loading  coils  for 
cable  tunnel  use,  local  network  system  and  aluminum 


conductor  cables. 


Yuhya  lwamoto 
Sumitomo  Electric 
Industries,  Ltd. 

1 Taya-cho,  Totsuka-ku, 
Yokohama,  Japan 


Mr.  lwamoto  is  an  engineer  in  Communication 
Cable  Accessories  Engineering  Section  of  Sumitomo 
Electric  Industries,  Ltd.  and  is  engaged  in  communi- 
cation cable  accessories  development  and  designing. 

He  received  B.  E.  degree  in  Tokyo  Metropolitan 
University  in  1972. 


Kenji  Mori 

Nippon  Telegraph  and 
Telephone  Public 
Corporation 
1-1-6  Uchisaiwai-cho, 
Chiyoda-ku.  Tokyo, 

Japan 

Mr.  Mori,  Staff  Engineer  of  NTT's  Engineering 
Bureau,  is  now  engaged  in  developmental  research  on 
protection  of  telecommunication  outside  plant,  cable 
gas  pressurization  monitoring  system  and  so  on. 

He  is  a member  of  the  Institute  of  Electronics  and 
Communications  Engineers  of  Japan. 


Hirofumi  lshihara 
The  Fujikura 
Cable  Works,  Ltd. 

5-1,  Kiba  1-chome, 
Koto-ku,  Tokyo, 

Japan 

Mr.  lshihara  was  born  in  1942.  He  joined  the 
Fujikura  Cable  Works,  Ltd.  as  a member  of  technical 
staff  after  his  graduation  from  Kyushu  Institute  of 
Technology  in  1965. 

He  is  now  an  assistant  chief  of  Telecommunica- 
tion Cable  Engineering  Department. 


Kazuo  Sugiyama 
The  Furukawa  Electric 
Co.,  Ltd. 

6-1,  Marunouchi 
2 chome,  Chiyoda-ku. 
Tokyo, Japan 

Mr.  Sugiyama  graduated  from  Osaka  University 
in  1964  with  a B.E.  degree  in  electrical  engineering. 

Upon  graduation  he  joined  the  Furukawa  Electric 
Co.,  Ltd.  and  was  engaged  in  research  and  develop- 
ment of  telecommunication  cables. 

He  Is  now  an  assistant  manager  of  Technical 
IX-partment  of  Telecommunication  Division  and  a 
member  of  the  lnstitude  of  Electronics  & Communica- 
tions Engineers  of  Japan. 


263 


LIGHTNING  SURGES  IN  BURIED,  FILLED 


TELEPHONE  DISTRIBUTION  CABLE 


by 

J.  J.  Refi  and  M.  J.  Swiderski 
Bell  Laboratories 
Norcross,  Georgia  30071 


Abstract 

Pair-to-pair  and  pair-to-shield  peak 
voltage  surges  were  monitored  for  152  days 
during  the  1977  lightning  season  on  a 
buried,  filled  distribution  cable  in 
Munson,  Florida.  A total  of  106  surges 
greater  than  0.5  kV  were  recorded  during 
72  thunderstorm  days.  When  normalized, 
these  equate  to  0.41  surges  per  thunder- 
storm day  per  monitoring  channel  (pair- 
to-pair  or  pair-to-shield) . This  fre- 
quency is  about  the  same  as  that  reported 
previously  by  other  investigators.  How- 
ever, the  Munson  data  differ  signifi- 
cantly in  that  surge  amplitudes  were 
recorded  which  are  substantially  greater 
than  previously  reported. 


Introduction 

Conductor-to-conductor  high  voltage 
test  requirements  for  multipair  tele- 
communications cable  have  traditionally 
been  based  on  the  insulating  material's 
inherent  dielectric  strength  plus  its 
ability  to  withstand  normal  manufacturing 
processes.  For  example,  for  cables  used 
in  the  Bell  System,  the  conductor-to- 
conductor  high  voltage  requirements  are 
500  volts  dc  for  pulp  and  from  2.4  to 
5.0  kV  dc  for  air  core  PIC  (plastic 
insulated  conductor)  depending  on  gauge. 
(Of  course  the  actual  performance  of 
these  insulations,  particularly  plastic, 
is  much  higher  than  the  factory  test 
requirement . ) 

Because  of  its  low  dielectric 
strength,  pulp  cable  is  much  more  vulner- 
able to  lightning  than  PIC.  To  lessen 
this  vulnerability,  cable  protectors  are 
used  more  frequently  on  pulp  than  in 
comparable  PIC  installations.  However, 
there  has  been  little  field  information 
on  the  magnitude  of  conductor-to-conductor 
surges  that  cable  actually  experiences. 
Such  information  is  vital  for  setting 
high  voltage  requirements  that  cable  must 
meet  to  insure  a high  probability  of 
survival.  Although  a fair  number  of 
lightning  surge  measurements  have  been 
made  in  the  past,  all  of  these 


have  been  of  pair-to-shield  and  pair- 
to-ground  voltages. ^ 2 » 3 Accordingly, 
a field  measurement  program  was  under- 
taken to  measure  pair-to-pair  voltages 
in  a buried  filled  distribution  cable 
in  a high  lightning  area. 

Study  Site 

Cable  Route 

The  measurement  site  is  located  in 
Southern  Bell's  Pensacola  District  in 
an  extremely  rural  area  of  the  Black- 
water  River  State  Forest  in  Munson, 
Florida  - about  28  air  miles  northeast 
of  Pensacola.  The  Pensacola  District 
is  generally  assumed  to  have  a soil 
resistivity  of  1000  meter-ohms.  How- 
ever, measurements  made  at  eight  points 
along  the  Munson  study  route  yielded 
an  average  soil  resistivity  of  3350 
meter-ohms.  This  resistivity,  along 
with  the  area's  93  thunderstorm  days 
in  1977  gives  a lightning  exposure 
factor  of  93/3350  = 5380  - about  the 
highest  known  in  the  United  States. 

The  cable  route  is  a commercial 
distribution  cable  consisting  of  solid 
insulation  PIC  cable.  As  shown  in 
Figure  1,  a 50-pair  filled  cable  runs 
south  from  the  Munson  C.D.O.  (Community 
Dial  Office)  for  a distance  of  about 
47  kft,  and  then  splits  into  a 25-pair 
filled  cable  that  runs  west  and  a 25- 
pair  air  core  cable  that  runs  east. 

The  25-pair  air  core  cable  is  then 
spliced  into  a 50-pair  air  core  cable. 
Some  of  the  pairs  continue  out  of  both 
the  25-pair  filled  and  the  50-pair  air 
core  cables  into  aerial  open  wire  spans. 
The  pairs  which  were  monitored  were 
terminated  at  Indian  Ford  Road  - about 
47  kft  from  the  C.D.O. 

All  of  the  cable  in  the  route  is 
2 2 -gauge  and  buried,  except  at  two 
creek  crossings  where  aerial  spans 
('200')  of  24-gauge  50-pair  air  core 
cable  are  used.  All  splices  in  the 
buried  cable  (except  for  a few 
encapsulated  buried  repair  splices) 
are  made  with  B wire  connectors  in 


Each  drop  was  about  200*  long  and  all  were 
buried  except  for  drops  1,  2,  11,  12  and 
13  which  were  aerial.  In  addition,  all  of 
the  aerial  drops  except  for  drop  12  were 
equipped  with  6-mil  gap  carbon  cable  pro- 
tectors (800V  dc  nominal  breakdown)  at  the 
point  of  connection  to  the  cable.  All  of 
the  drops  were  terminated  in  3-mil  gap 
carbon  station  protectors  (500V  dc  nominal 
breakdown)  without  a station  set  or  any- 
thing else  attached. 


above-ground  pedestals 


Measurements  were  made  from  a test 
hut  located  about  midway  along  the  cable 
route  (Figure  2) . The  test  hut  exterior 
and  the  equipment  in  the  interior  are 
shown  in  Figure  3. 
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1 - Buried  distribution  cable  used 
in  Munson  lightning  study. 


The  test  hut  site  is  the  first  point 
A possible  entry  point  for  lightning  from  the  C.D.O.  at  which  commercial  power 

surges  into  a cable  core  is  through  begins  paralleling  the  cable  route  (the 

station  protectors  at  the  customer  end  test  sets  require  120V  ac  power)  . Since 

of  drop  wires  or  via  the  drops  them-  drops  11,  12  and  13  have  their  station 

selves.  Consequently,  in  order  to  protectors  on  the  same  side  of  the  road 

provide  lightning  paths  into  our  cable,  as  the  electric  power  line,  the  ground 

thirteen  simulated  service  drops  were  connections  for  the  station  protectors 

installed  at  the  locations  shown  in  on  these  drops  were  connected  not  only 

Figure  2.  to  ground  rods,  but  also  to  the  power 

line  neutral.  Station  protector  ground- 


ing for  all  other  drops  was  accomplished 
via  ground  rods. 


Each  of  the  thirteen  drops  was  con- 
nected to  a "test"  pair  in  the  50-pair 
filled  cable.  In  addition  to  these 
thirteen  test  pairs,  five  more  pairs 
were  designated  as  "reference"  pairs. 
These  "reference”  pairs  differed  from 
the  "test"  pairs  only  in  that  they  did 
not  have  any  drops  attached.  They 
served  as  a reference  against  which 
surges  on  the  test  pairs  were  measured. 

To  summarize,  all  reference  and 
test  pairs  extend  out  of  the  C.D.O.  and 
run  for  a distance  of  about  47  kft  to 
the  end  of  the  50-pair  filled  cable.  At 
that  point,  they  are  cleared,  cut  dead 
and  encapsulated.  All  of  them  were 
checked  for  continuity,  had  all  loading 
coils  removed,  and  had  their  splices 
encapsulated.  This  was  done  to  insure 
that  the  measured  surges  were  not  clipped 
by  electrical  breakdown  within  load  coils 
or  splices.  Details  of  each  drop  are 
given  in  Table  1. 


Fig.  2 - Drop  and  test  hut  locations 
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TABLE  1 


D rop  S ummary 


Drop 

Cable 

Type 

of 

Footage 

to 

Number 

Protector 

Drop 

C.D.O. 

1 

Yes 

Aerial 

8,519 

2 

Yes 

Aerial 

8,519 

3 

No 

Buried 

14,924 

4 

No 

Buried 

15,188 

5 

Yes 

Buried 

20,530 

6 

No 

Buried 

26,338 

7 

No 

Buried 

26,522 

8 

No 

Buried 

27,922 

9 

No 

Buried 

27,922 

10 

No 

Buried 

32,518 

11 

Yes 

Aerial 

44,346 

12 

No 

Aerial 

44,521 

13 

Yes 

Aerial 

45,138 

To  simulate  normal  line  relays,  all 
test  and  reference  conductors  were 
terminated  in  4 50Q  resistors  to  ground 
at  the  C.D.O.  on  the  office  side  of  the 
fused  office  protectors  (Figure  4)  . 


The  two  instruments  were  connected 
to  run  in  parallel  so  that  a surge  greater 
than  a predetermined  threshold  on  any 
input  on  either  instrument  initiated  a 
recording  on  both  machines  simultaneously. 
Three  of  the  inputs  were  equipped  with 
10  kV  probes  and  these  had  500  volt  thres- 
holds. Four  other  inputs  used  30  kV 
probes  and  these  had  1500  volt  thres- 
holds. The  remaining  input  was  not  used 
to  monitor  surges  but  instead  to  record 
daily  time  information. 

Input  impedance  for  the  10  kV  chan- 
nels was  100  Mft  shunted  by  20  pF.  For 
the  30  kV  channels,  impedance  was  300  Mft 
shunted  by  20  pF.  Frequency  response  was 
from  dc  to  about  100  kHz  - sufficient  to 
detect  the  peak  amplitude  of  most  lightning 
surges . 

An  uninterruptible  power  supply  was 
used  to  provide  ac  power  for  all  equip- 
ment in  the  test  hut.  This  system  assured 
continuous  ac  power  even  when  the  local 
power  failed  and  acted  as  a filter  for 
power  line  transients. 

Connection  to  Monitored  Pairs 


The  conductors  of  all  five  reference 
pairs  were  connected  together  at  the 
test  hut  and  served  as  the  signal  com- 
mon (not  ground) . Additionally,  the  tip 
conductor  of  each  test  pair  was  connected 
to  its  respective  ring  conductor.  Longi- 
tudinal surges  were  then  measured  between 
selected  test  pairs  and  the  grouped  refer 
ence  pairs.  Pair-to-shield  surges  were 
measured  between  the  grouped  reference 
pairs  and  shield.  The  pair-to-pair  and 
pair-to-shield  connections  are  shown  in 
Figure  5. 


Fig.  4 - 450ft  resistors  terminating  test 
and  reference  conductors  in  the 
C.D.O. 


Instrumentation 

Pair-to-pair  and  pair-to-shield  surges 
were  measured  using  two  memory  voltmeters. 
Each  voltmeter  contained  four  independent 
monitoring  channels  sharing  a common  power 
supply  and  chassis.  Each  channel  controlled 
one  pen  on  a four  pen  pressure  sensitive 
strip  chart  recorder.  The  instruments  were 
"on-line"  all  the  time  even  though  the 
chart  recorder  might  not  be  running.  When 
a surge  occurred,  its  peak  amplitude  was 
stored  in  a digital  memory.  If  its  ampli- 
tude exceeded  a certain  threshold,  the 
chart  recorder  started  running  and  the 
amplitude  was  recorded  on  the  paper. 


•? 


Fig.  5 - Connection  to  monitored  pairs. 
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Of  the  thirteen  test  pairs  available 
six  were  monitored.  Five  of  these  (drops 
6,  7,  11,  12  and  13)  were  monitored  full- 
time whereas  drops  3 and  4 took  turns  on 
the  other  channel . The  seventh  channel 
was  used  to  monitor  pair-to-shield  surges 
and  the  eighth  channel  was  dedicated 
solely  for  recording  daily  time  infor- 
mation. In  addition,  some  of  the  other 
drops  were  also  monitored  with  quantized 
surge  counters.  These  counters  did  not 
have  a time  base  and,  thus,  their  results 
are  not  included  here.  Their  data,  how- 
ever, do  support  the  results  from  the 
memory  voltmeters. 


Removal  of  the  sheath  at  a point  two 
feet  from  the  pedestal  splice  revealed 
extensive  internal  heat  damage.  Figure 
7 shows  the  shield  corrugations  impressed 
into  the  softened  conductor  insulation. 
The  melted  plastic  caused  the  conductors 
to  short  to  the  shield. 


Results  and  Analyses 


Surge  Day  Correlation  with  Thunderstorms 


Lightning  conductor  daman  to 
drop  4,  two  feet  from  th 
pedestal  splice. 


The  study  period  ran  from  May  27  to 
October  25,  1977.  During  these  152  days, 
72  thunderstorm  days  were  reported  by  the 
Naval  Air  Station  at  Whiting  Field  which 
is  about  9 miles  southwest  of  the  test 
site.  Surges  were  recorded  at  the  test 
site  on  22  days.  Nineteen  of  these  22 
surge  days  were  reported  as  thunderstorm 
days  at  Whiting  Field.  It  is  likely  that 
isolated  local  storms  occurred  in  Munson 
on  the  other  three  days.  This  excellent 
correlation  of  surge  days  with  thunder- 
storm days  imbues  confidence  that  the 
recorded  surges  are  associated  with 
storms  and  are  not  caused  by  power 
transients,  crosses  or  other  vagaries. 


Although  the  area  immediately  sur- 
rounding the  site  of  drop  4 was  examined 
for  physical  evidence  of  a lightning 
stroke,  none  was  found.  However,  the 
heat  damage  to  the  drop,  the  absence  of 
any  power  lines  and  the  large  recorded 
surge  leads  to  the  inescapable  conclu- 
sion that  the  drop  was  damaged  by 
lightning . 


Figure  8 shows  a histogram  of  the 
surge  amplitudes  normalized  to  a moni- 
toring channel  and  a thunderstorm  day. 
Note  that  the  figure  shows  a surge 
frequency  of  0.002  greater  than  17  kV. 
This  represents  the  occurrence  of  the 
surge  that  damaged  drop  4 . The  surge 
went  off  scale  on  a 10  kV  monitoring 
channel,  and  auxiliary  instrumentation 
on  this  pair  (a  surge  counter)  indi- 
cated that  it  was  greater  than  17  kV. 


Lightning  Damage  to  Drop  4 


On  July  30,  1977,  an  off-scale  surge 
(greater  than  10  kV)  was  recorded  on  the 
test  pair  connected  to  drop  4.  Examina- 
tion revealed  extensive  sheath  and  con- 
ductor damage  to  the  buried  drop  over 
a distance  of  about  25  ft  from  the  pedes- 
tal splice  into  the  distribution  cable. 
Figure  6 shows  the  shield  damage  to  the 
drop  at  a point  within  the  pedestal. 
Burning,  charring  and  melting  are  evident 


Fig.  8 - Normalized  surge  frequency  as 
a function  of  amplitude. 


Fig.  6 - Lightning  sheath  damage  to  drop 
4 on  length  within  the  pedestal 
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Comparison  of  Data  to  Others 


A fair  number  of  measurements  of 
lightning  surge  voltages  in  telephone 
cables  have  been  made  in  the  past. 

Messrs.  D.  W.  Bodle  and  P.  A.  Gresh  pub- 
lished a paper  in  1961  on  voltage  surges 
that  they  measured  in  trunk  telephone 
plant  in  areas  with  low  and  high  degrees 
of  lightning  exposure.1  The  low  exposure 
measurements  were  made  on  underground 
cable  in  Baltimore,  Maryland;  Pontiac, 
Michigan;  and  South  Orange,  New  Jersey. 

The  high  exposure  measurements  were 
made  on  aerial  cable  in  Buford,  Georgia 
(100  pair,  PIC,  Alpeth)  and  Mt.  Freedom, 
New  Jersey  and  on  buried  cable  in  Griffin, 
Georgia  (jute-protected,  lead-sheathed, 
quadded  with  external  shield  wires) . In 
each  of  the  high  exposure  areas,  open- 
circuit  longitudinal  surge  voltages  and 
resultant  metallic  voltages  across  a 
representative  resistive  termination 
were  recorded.  All  of  the  measurements 
were  made  at  the  central  office  across 
standard  3-mil  office  protectors  having 
a breakdown  of  about  500  volts  dc. 


SURGE  AMPLITUDE  (kV) 

Fig.  9 - Comparison  of  Munson  data  to 
that  obtained  by  others.1 #2,3 


In  1972,  Mr.  Yukinori  Ishida  pub- 
lished his  results  on  lightning  surges 
measured  on  toll  and  distribution  cables 
in  various  areas  in  Japan.1  Longitudi- 
nal voltage  surges  were  measured  at  cable 
terminals  using  oscilloscopes  and  surge 
counters.  The  degree  of  plant  exposure 
and  the  presence  or  absence  of  protec- 
tors are  not  discussed  in  the  paper. 

In  1973,  Messrs.  E.  Bennison, 

A.  J.  Ghazi  and  P.  Ferland  published 
their  results  on  lightning  surges  mea- 
sured on  toll  facilities  in  ten  areas 
of  Canada.1  Open  wire,  paired  cable 
(aerial  and  buried)  and  coaxial  cable 
(aerial  and  buried)  were  measured.  The 
test  site  was  located  midway  along  each 
route.  In  paired  cable,  all  protectors 
were  removed  where  "possible"  and 
longitudinal  voltage  waveforms  recorded. 


tion  of  their  data) . Ishida  does  not 
mention  protectors  and  so  it  is  not 
clear  whether  his  data  are  similarly 
limited.  The  Bennison,  Ghazi  and  Ferland 
data,  however,  were  presumably  not  ampli- 
tude limited.  Perhaps  the  differences 
between  their  data  and  ours  are  due  to 
their  routes  being  toll  whereas  ours  was 
distribution  cable.  Distribution  cable 
might  be  more  vulnerable  to  lightning 
because  of  the  greater  number  of  entry 
points. 

Analytical  Fit  to  Data 

The  histogram  in  Figure  8 suggests 
that  the  surge  magnitudes  are  exponentially 
distributed.  We  will  therefore  fit  an  ex- 
ponential probability  density  function  to 
the  data  and  then  test  its  adequacy  with 
a chi-square  goodness  of  fit  test. 


Figure  9 compares  the  Munson  data 
with  those  reported  by  the  above  sources. 
The  normalized  number  of  surges  that 
exceed  a certain  amplitude  is  plotted 
against  amplitude.  We  can  see  that 
the  Munson  data  are  bounded  by  the  other 
data  over  the  range  of  about  500  volts 
to  1500  volts.  The  significant  differ- 
ence of  course,  is  that  while  the  surge 
frequencies  reported  by  others  drop  off 
steeply  with  increasing  surge  amplitude, 
the  Munson  data  are  considerably  less 
sloped  and  exhibit  a markedly  greater 
number  of  large  amplitude  surges.  Re- 
call that  the  Bodle-Gresh  surges  could 
not  exceed  about  500  volts  because  of 
the  presence  of  central  office  protec- 
tors (the  above  plot  shows  an  extrapola- 


Recall  that  some  of  the  channels  had 
a 0.5  kV  threshold  and  some  a 1.5  kV  thres- 
hold. Insofar  as  it  is  the  high  amplitude 
surges  that  are  important  for  cable  design, 
we  choose  to  fit  the  combined  data  from 
all  channels  that  exceed  1.5  kV.  In 
statistical  parlance  this  is  termed  "trunca- 
tion on  the  left,"  and  it  can  be  dealt  with 
by  taking  the  conditional  distribution  of 
surges  given  that  they  exceed  1.5  kV. 

For  an  exponential  distribution,  such  a 
conditional  distribution  is  also  exponen- 
tial and  the  probability  density  function 
is  given  by: 


p(x) 


_ 1 - (x-1 . 5)  /X 

\ e 


x > 1.5 


where : 


x = surge  amplitude  in  kV 
X = fit  parameter 

A complication  in  fitting  this  equa- 
tion to  our  surge  data  is  that  the  exact 
magnitude  of  one  of  the  surges  is  not 
known  - we  only  know  that  there  was  one 
surge  greater  than  17  kV.  This  condition 
is  termed  "censoring  on  the  right,"  and  it 
can  be  accommodated  by  simply  thinking 
of  the  surge  as  belonging  to  a cell  which 
extends  from  17  kV  to  infinity.  With 
these  imposed  constraints,  equation  (6), 
Appendix  A,  is  derived  for  obtaining  the 
maximum  likelihood  estimate  of  X.  When 
this  equation  is  applied  to  the  observed 
data  in  Table  2,  X is  found  to  be  1.9. 

We  can  now  calculate  the  expected  number 
of  surges  in  each  cell  by  substituting 
X = 1.9  into  equations  (2)  and  (3)  of 
Appendix  A.  Table  2 compares  the  ex- 
pected surges  with  the  observed  number 
in  each  cell. 

TABLE  2 


Comparison  of  Observed  and  Fitted 
Surge  Frequencies 


Number  of 

Surges 

Expected 

Cell 

Range 

• (kV) 

Observed 

From  Fit 

1 

> 1.5 

to 

2.0 

14 

12.25 

2 

> 2.0 

to 

2.5 

15 

9.42 

3 

> 2.5 

to 

3.0 

8 

7.24 

4 

> 3.0 

to 

3.5 

3 

5.57 

5 

> 3.5 

to 

4.0 

3 

4.28 

6 

> 4.0 

to 

4.5 

3 

3.29 

7 

> 4.5 

to 

5.0 

1 

2.53 

8 

> 5.0 

to 

5.5 

1 

1.94 

9 

thru  14 

> 5.5 

to 

8.5 

0 

5.14 

15 

> 8.5 

to 

9.0 

1 

0.31 

16 

> 9.0 

to 

9.5 

1 

0.  24 

17 

> 9.5 

to 

10.0 

0 

0. 18 

18 

>10.  o 

to 

10.  5 

2 

0.  14 

19 

thru  30 

>10.5 

to 

17.0 

0 

0.45 

31 

>17.0 

1 

0.02 

Total 

53 

53 

A chi- 

square 

goodness  of  fit 

test 

(Appendix  B)  leads  to  the  conclusion 


that  the  exponential  probability  density 
function  with  X = 1.9  fits  the  data  well. 
This  is  visually  confirmed  in  Figure  10. 


SUROf  AMRIITUDf  (kV) 


Fig.  10  - Exponential  fit  to  observed 
surge  data. 


The  fit,  however,  does  tend  to  under- 
estimate the  number  of  high  amplitude 
surges.  For  example.  Figure  11  dis- 
plays the  fitted  exponential  and  the 
experimental  data  for  the  probability 
that  a surge  exceeds  a certain  value. 


Fig.  11  - Percent  of  surges  greater  than 

1.5  kV  that  exceed  the  abscissa. 

It  is  clear  from  this  figure  that 
there  are  more  observed  surges  above 
8 kV  than  the  fit  predicts.  This 
suggests  that  there  may  be  two  dis- 
tinct surge  populations.  Looking  back 
at  Figure  10,  it  appears  that  the  two 
populations  cross  one  another  at  about 
7 kV.  It  is  conjectured  that  the  high 
amplitude  population  is  caused  by  direct 
lighting  hits  whereas  the  low  amplitude 
population  is  due  to  induced  voltages. 

Similarity  of  Drops 

The  pair-to-shield  surge  data  and  the 
data  from  the  various  drops  are  insuffi- 
cient to  draw  any  strong  conclusions  about 
how  the  surge  distribution  for  a particu- 
lar drop  compares  to  the  data  as  a whole. 
However,  the  data  do  suggest  that  there 
are  no  significant  differences  in  the 
surge  distributions  for  the  various  drops 
and  that  pair-to-pair  surges  are  the  same 
as  pair-to-shield. 

Summary  and  Conclusion 


Pair-to-pair  and  pair-to-shield  vol- 
tage surges  were  monitored  for  152  days 
during  the  1977  lightning  season  on  a 
buried,  filled  distribution  cable  in 
Munson,  Florida.  During  this  time,  72 
thunderstorm  days  and  22  surge  days 
occurred.  Nineteen  of  these  22  surge 
days  were  thunderstorm  days  at  Whiting 
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Field.  Insofar  as  Whiting  Field  is  about 
9 miles  from  the  test  site,  isolated 
local  storms  may  have  occurred  in  Munson 
on  the  other  three  days. 

A total  of  106  surges  greater  than 

0.5  kV  and  53  surges  above  1.5  kv  were 
recorded.  When  normalized,  these  equate 
to  frequencies  of  0.41  and  0.12  surges 
per  thunderstorm  day  per  channel  greater 
than  0.5  kv  and  1.5  kV,  respectively. 

The  Munson  surge  data  are  bounded  by 
those  of  other  investigators  over  the 
amplitude  ranges  that  they  report.  How- 
ever, the  Munson  data  differ  signifi- 
cantly in  that  greater  amplitudes  were 
observed  than  previously  reported.  This 
may  be  a consequence  of  the  greater  inten- 
sity of  storms  in  Munson  and/or  the  differ- 
ent manner  in  which  the  surges  were 
measured. 

An  exponential  probability  density 
function  was  found  to  fit  the  surge 
amplitudes  very  well.  Nevertheless, 
the  analytical  fit  does  tend  to  under- 
estimate the  frequency  of  large  ampli- 
tude surges.  It  is  conjectured  that 
this  may  be  due  to  the  presence  of  two 
distinct  surge  populations.  One  popu- 
lation has  most  of  its  surges  above  7 kV 
and  may  be  due  to  direct  lightning  hits. 

The  other  population  has  most  of  its 
surges  below  7 kV  and  is  more  likely 
caused  by  induced  voltages. 

Insofar  as  previous  investigators 
have  not  reported  lightning  environments 
as  severe  as  that  found  here,  the  con- 
ditions in  Munson  are  probably  not  typi- 
cal of  the  majority  of  cable  plant.  It 
seems  clear  from  our  data,  however,  and 
from  the  actual  lightning  damage  inflicted 
on  the  service  wire  during  the  study  that 
large  surges  can  occur  sufficiently  often 
in  exposed  rural  plant  to  make  dielectric 
strength  an  important  parameter  in  cable 
design. 
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Appendix  A 

Derivation  of  the  Maximum  Likelihood 

Estimate  of  the  Fit  Parameter 

of  a Truncated  Exponential  Distribution 

with  Censoring 

(Derived  by  P.  A.  Tukey) 

The  data  consist  of  n random  variables 
y^,  which  are  counts  of  the  number  of 
surges  occurring  within  0.5  kV  wide  cells. 
The  first  cell  begins  at  some  value,  a,  and 
the  last  closed  cell  contains  yn_i  surges 
and  ends  at  the  value,  b.  The  data  con- 
tains a count,  yn,  of  surges  greater  than 
b.  This  censoring  on  the  right  is  accommo- 
dated by  simply  taking  the  last  cell  as 
running  from  b to  infinity. 


SURGE  MAGNITUDE  (kV) 


The  exponential  probability  density 
function  has  the  form: 


1 -- 

p(x)  = y e X x _>  0 
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The  conditional  density  function  for 
x > a is  given  by: 


P (x)  = i e 


x > a 


The  maximum  likelihood  estimate  X is  that 
value  of  X which  maximizes  Lik(y;X)  with 
respect  to  X,  holding  the  observation  y = 
(yi,....yp)  fixed.  To  calculate  X,  we 
differentiate  in [Lik (y ; X) ] with  respect 
to  X,  set  the  result  to  zero,  and  solve 
for  X. 


Let  x be  the  voltage  of  a single  surge. 
Then  for  any  X > a, 


f l I* 
p{*ixl  = J X e 

a 

(X-a) 

= 1-e  X 


-a) 

X dx 


First,  taking  the  natural  logarithm: 

in [Lik (y; X) ] = in 


yT« 


*1^2' •••yn* 


n 


(1) 


We  can  now  use  (1)  to  calculate  the  probab- 
ility that  x is  in  the  i th  cell. 

= Pjx  is  in  i th  cell} 

= P j [a+. 5 (i-1) ] < x < (a+.5i){ 


for  i = 1,2, .. . ,n-l 


cell  is: 


Pn  = Pjx  is  in  n th  cell} 

= Pjx>b}  = P jx>  [a+.  5 (n-1) } 
n-1 

Pn  = e'  2A 

The  total  number  of  surges  is: 


(3) 


yT  = 


II 


(4) 


i=l 


Lik (y;X) 


yl!y2 


= Z n 


= Jin 


v 


y1iy2i---yni 


yT! 


+ in  | J P^yi 

i=l 

n 

^2  yi  to‘pi> 

i=l 


yi!y2!---yn! 


L 

J 

-\ 

n-1 

/ 1 \ 

Vj  (2) 

yi 

1-1 

i=l 

- 

(n-l)yn 

x is  in  the  last 

2X 

Then,  differentiating  and  setting  to  zero 
3 [in^Lik  (y;*))] 


3X 


i=l 


(i-1) - 


_1_ 

e~2X 


+ (n-l)yn  = 0 


n-1 

E(i-i)yi  - • 

i=l 

(yT-yn). 

+ (n- 

likelihood)  of 
allocation  into 
the  multinomial 

i 

e^-l 

n 

/ V 1 

- n 

- 

rfiV‘ 

i=l 

E(i- 

L i'l 

l)yi 

= yT-yn 
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(5) 


where 


where 


1 

e^ 


1 + 


1 

B 


B 


i=J 

yT-yn 


Taking  the  natural  logarithm  of  both 
sides  of  (5)  and  solving  for  X: 


(6) 


0^  = observed  number  of  surges 
in  the  i th  cell 

Ej_  = expected  number  of  surges 
in  the  i th  cell 

Doing  the  summation  on  the  data  in 
Table  B— 1 , we  find  that  x2  = 6.40.  Since 
one  parameter  (X)  has  been  estimated  from 
the  data,  and  we  compared  6 cells,  the 
number  of  degrees  of  freedom  is  6-1-1  = 4. 
From  statistical  tables,  it  is  found  that 
at  the  5%  level  of  significance  for  4 
degrees  of  freedom  Xo2  = 9-49.  Since  X2 
is  less  than  Xp2»  the  hypothesis  that  the 
data  were  obtained  from  sampling  an  exponen- 
tial population  with  X = 1.9  is  supported. 


Appendix  B 

Goodness  of  Fit  Test  to  the  Data 

In  order  to  determine  whether  the 
probability  density  function 


p(x) 


1 - (x-1 . 5)  /1 . 9 

1.9  e 


fits  the  data  satisfactorily,  we  make  use 
of  the  chi-square  test  to  examine  the 
differences  between  the  observed  and  ex- 
pected frequencies  in  Table  2.  Since  many 
authors'*  require  at  least  five  expected 
events  in  each  of  at  least  five  cells,  the 
data  in  Table  2 is  reclassified  in  Table 
B— 1. 


TABLE  B-l 

Comparison  of  Observed 
and  Fitted  Surge  Frequencies 


Number  of 

Surges 

Observed 

Cell  Range  (kv)  Oi 

Expected 
From  Fit 
Ei 

> 1.5  to  2.0 

14 

12.25 

> 2.0  to  2.5 

15 

9.42 

> 2.5  to  3 0 

8 

7.24 

> 3.0  to  4.0 

6 

9.85 

> 4.0  to  5.0 

4 

5.82 

> 5.0 

6 

8.42 

The  chi-square 

statistic  is 

simply 

the  sum  of  the  square  of  the  differences 
between  the  observed  and  the  expected 
number  of  surges  normalized  by  the  ex- 
pected number  for  each  cell: 
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LIGHTNING  PINHOLES  IN  CABLE  SHEATHS 


by 
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Montreal,  Quebec 


A B ST FA CT 

This  paper  presents  an  analysis  of 
the  major  factors  determining  the  degree 
of  damage  to  buried  cables  in  the  form  of 
pinhole  punctures  in  the  sheath  resulting 
from  lightning  strokes  to  ground.  A tech- 
nique of  predicting  the  levels  of  pinholing 
which  might  be  experienced  under  a broad 
range  of  conditions  is  developed.  The 
technique  is  illustrated  using  the  Canadian 
environment  and  powder  filled  cable  as  ex- 
amp 1 es . 


INTRODUCTION 

The  sheaths  of  PIC  cables  are  exposed 
to  hazards  during  their  installation  and 
subsequent  service  in  the  buried  environ- 
ment. Once  installed,  the  buried  cable 
may  be  mechanically  damaged  by  excavating 
machinery  or  electrically  damaged  by  light- 
ning in  the  immediate  vicinity  of  the  cable 
route.  This  paper  deals  with  the  prob- 
ability of  damage  due  to  the  well-known 
lightning  pinholing  of  the  jacket  component 
of  the  sheath. 

The  pinhole  phenomenon  has  long  been 
considered  a significant  contributor  to 
water  entry  of  PIC  cable  cores  that  may 
lead  to  premature  transmission  problems 
and  early  cable  replacement.  The  first 
approach  to  the  moisture  problem  was  the 
addition  of  an  inner  jacket  — the  so-called 
PAP  sheath.  Later,  a further  improvement 
in  performance  was  realized  by  the  intro- 
duction of  grease  filled  cables  with  sealed 
sheaths.  More  recently,  a powder  filled 
construction  has  been  introduced^  that  has 
been  shown  to  have  advantages  over  the  con- 
ventional grease  filled  cores.  Because 
none  of  these  approaches  is  a complete 
solution  to  the  lightning  problem,  the  need 
to  estimate  the  probability  of  damage  is 
still  apparent. 

The  impairment  caused  by  the  lightning 
induced  pinholes  may  take  the  form  of  in- 
cipient damage  wherein  the  energy  released 
is  not  sufficient  to  puncture  the  metal 
substrate  of  the  sheath.  More  severe  con- 
ditions may  rupture  the  complete  sheath  and 
expose  the  core  to  immediate  moisture  pene- 


tration. In  either  case,  corrosion  of  the 
metal  component  of  the  sheath  may  occur, 
causing  the  eventual  moisture  incursion 
and/or  loss  of  sheath  continuity2. 


LIGHTNING  DAMAGE  FACTORS 
The  Frequency  of  Lightning  Strokes 

The  probability  of  lightning  damage 
to  buried  cables  is  a linear  function  of 
the  number  of  strokes  to  ground  per  unit 
area.  Isokeraunic  maps  indicate  the  level 
of  thunderstorm  activity  on  a large  scale. 
This  cartographic  technique  enables  statis- 
tics obtained  from  discrete  points  (fre- 
quently airport  weather  stations)  to  be 
extrapolated  to  provide  more  general  in- 
formation. Field  investigations  conducted 
in  North  America  have  provided  stroke 
factors  which  predict  the  average  number 
of  strokes  to  earth  per  unit  area  for  each 
thunderstorm  day.  The  stroke  factors 
which  have  gained  acceptance  are2: 


(1)  0.14  strokes  to  ground  per  square 
kilometre  per  thunderstorm  day  in 
areas  experiencing  predominantly 
frontal  storms. 

(2)  0.11  per  square  kilometre  per 
thunderstorm  day  where  con- 
vection storms  are  most  common, 
e.g.,  in  North  America. 


Earth  Reeietivitu 

Experience  has  shown  that  lightning 
damage  is  relatively  severe  in  high  soil 
resistivity  areas.  Earth  resistivity  is 
the  single,  most  important  factor  in  deter- 
mining lightning  damage  to  buried  cables. 

The  earth's  crust  is  composed  of 
numerous  different  materials  with  large 
variations  in  their  chemical,  mineral  and 
moisture  contents.  As  a result,  the  resis- 
tivity of  the  earth  varies  over  a large 
range  between  extremes  of  about  1 ohm*meter 
and  approaching  10,000  ohm*meters.  It  is  a 
general  rule-of-thumb  that  the  older  the 
formation,  the  higher  the  earth  resisti- 
vity. 
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Stroke  Current  Magnitudes 

The  magnitude  of  the  peak  current 
varies  from  a few  kiloamperes  to  over  200 
kiloamperes.  The  statistical  distribution 
is  well  documented  in  the  literature.  A 
cumulative  distribution  curve  is  shown  in 
Fig.  1. 


■B9II 
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FIG.  1 DISTRIBUTION  OF  LIGHTNING  STROKE 
CREST  CURRENTS  TO  GROUND 

Other  Factors 

Local  conditions  may  significantly 
modify  the  extent  of  damage.  Shielding 
may  be  provided  by  other  cables,  pipes  and 
the  like,  while  tall  structures  such  as 
trees  and  towers  tend  to  increase  the 
number  of  strokes  to  cable  in  the  vicinity. 
The  severe  lightning  environment  of  high 
resistivity  soils  provides  a high  risk  of 
pinholing,  but  such  locations  are  likely 
to  have  lower  risks  of  corrosion  than  the 
low  resistivity  soils  in  wet,  swampy  areas. 

PIU HOLE  MECHANISM 

The  mechanism  of  breakdowns  to  the 
sheath  of  a buried  cable  has  been  des- 
cribed previous  1 y^t  *> . If  the  soil  is 
assumed  to  have  uniform  resistance  then 
the  critical  distance  from  the  stroke 
point  to  the  cable  beyond  which  no  break- 
down in  the  jacket  will  occur  is$: 


r<x)  ■ 


where  r(I)  is  distance  from  stroke 
point  to  cable,  meters. 

I - peak  stroke  current,  kA 

p - earth  resistivity,  H*m 

U - dielectric  strength,  cable 
jacket,  kV. 

The  cumulative  frequency  distribution  of 
the  lightning  current  amplitudes.  Fig.  1, 


can  be  written: 


SCI)  ■ e 


where  b is  the  cumulative  frequency 
constant , kA*1  . 

The  probability  of  a lightning  stroke  in 
the  range  dl  is  then: 


**11)  - be *b 1 


The  total  number  of  all  lightning 
strokes  per  year  which  have  a current 
equal  to  or  greater  than  I and  which  de- 
velop a voltage  equal  or  greater  than  U on 
the  cable  is5: 

NG(H  * 2NEiD/"  W C I ) r (I)  dl  (4) 

where  Ng(I)  - the  number  of  strokes  per 
year  which  may  lead  to 
cable  jacket  breakdowns. 

NE  - number  of  strokes  per  unit 
area  and  per  thunderstorm 
dav.  strokes 
TD 

l - length  of  the  cable, meters 

D - number  of  thunderstorm 

days  per  year. 

TD  - thunderstorm  day 

Expression  (4)  includes  all  break- 
downs, including  direct  strokes  and  strokes 
that  arc  to  the  cable.  The  probability  of 
a direct  stroke  or  a stroke  arcing  to  the 
cable  is  very  much  less  than  strokes  caus- 
ing only  pinholes. 

Length  of  Cable  subject  to  Pinholing 
per  Stroke 

Consider  a stroke  to  ground  (Fig.  2) 
distance  x from  a buried  cable  at  its  near- 
est point.  The  length  of  cable  subject  to 
pinholes,  d,  may  be  expressed  in  terms  of 
the  distance  r. 


d » 2r  sin6  (S) 

If  it  is  assumed  that  x may  be  any 
distance  from  0 to  r with  equal  prob- 
ability then  over  a period  of  a large 
number  of  strokes  of  a given  current  mag- 
nitude, the  average  length  of  cable  subject 
to  pinholes  per  stroke  will  be: 


(*)* 
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ESTIMATES  OF  CABLE  DAMAGE 


Theoretical  Estimates  of  Total  Cable 
subject  to  Pinholes 

The  product  of  the  number  of  strokes, 
Ng,  and  the  distance,  d,  per  stroke  yields 
the  length  of  cable  subjected  to  pinholing, 
so  that: 

P(I)  = 200  Ned/"  W(I)  *r(I)  *d(I)  d I (7) 

where  P(I)  is  the  percentage  of  cable 
subjected  to  pinholes  per 
year  in  a given  earth  resis- 
tivity region. 


Substituting  (1),  (3)  and  (6)  and  letting 
1*0  (7)  becomes: 


Isokeraunio  Data 

Two  sources  of  data  were  used  to 
obtain  information  on  the  isokeraunic 
levels  across  Canada.  An  isokeraunic  map 
of  Canada  was  extracted  from  The  Telephone 
Association  of  Canada^.  Additional  infor- 
mation in  the  form  of  spot  lightning  stat- 
istics was  obtained  from  an  Environmental 
Canada  publication  on  climatic  normals2. 
These  spot  statistics  were  accumulated  by 
numerous  airports  and  weather  stations 
scattered  across  the  country.  When  they 
were  superimposed  on  the  TAC  isokeraunic 
map  in  Fig.  3,  it  was  found  that  the  maj- 
ority of  the  spot  statistics  agreed  with 
the  generalized  data  of  the  isokeraunic 
map . 


FIG.  3 ISOKERAUNIC  MAP  OF  CANADA 

(Numbers  indicate  the  average 
number  of  thunderstorm  days 
per  year) 


P , 10?  ,NE-Pp2  r bl2  e b 1 dl  (8) 

4w  U2  0 

p , 10°  nE  PP2  (9) 

2ir  U2  b2 

From  experimental  and -theoret ical 
data,  representative  values  can  be  assign- 
ed to  the  pinhole  parameters: 

Ne  - • value  of  0.11  (strokes/thunder- 
storm  day  *km2)  has  been  indicated 
earlier  in  the  paper. 

D - available  from  isokeraunic  maps 
(cf  Fig.  3). 

U - a mean  value  of  75  kV  is  represent- 
ative. 

b - from  Fig.  1,  b ■ 0.041  kA'1 

p - value  depends  upon  the  region  of 
interest  and  is  discussed  later. 


The  level  of  thunderstorm  activity 
increases  from  near  zero  in  the  extreme 
north  of  Canada  to  a high  of  between  30 
and  35  thunderstorm  days  per  year  in  both 
the  S.W.  and  Lake  Erie  regions  of  Ontario. 
The  highest  point  level  is  the  33.1  re- 
corded at  Windsor,  Ontario.  In  addition 
to  the  increase  in  thunderstorm  activity 
from  north  to  south  in  Canada,  there  is  a 
general  increase  inland  from  the  east  and 
west  coasts. 

In  any  one  year,  the  number  of 
thunderstorm  days  may  be  higher  or  lower 
than  the  levels  indicated  on  the  isoker- 
aunic map,  however,  over  the  expected  life 
of  a cable,  the  average  for  any  particular 
region  should  be  close  to  the  figure  pre- 
dicted by  the  map. 

Earth  Resistivitu 

Conductivity  maps  of  the  resolution 
required  for  accurate  assessment  of  damage 
probability  are  not  available.  Two  maps 
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of  Canada  based  on  limited  data  were  iden- 
tified as  sources  of  reference  for  general- 
ized earth  resistivity  informational5.  It 
is  apparent  that  there  is  likely  to  be  a 
fairly  wide  variation  in  earth  resistivity 
within  each  region  on  such  a map  (Fig.  4). 


FIG.  4 ESTIMATED  EFFECTIVE  GROUND 
CONDUCTIVITY  IN  CANADA 
(Millisiemen s/met  re) 
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The  results  of  a field  study  under- 
taken in  the  U.S.A.25  indicate  a relatively 
consistent  relationship  between  the  geolo- 
gical structure  of  the  earth's  crust  and 
the  earth  resistivity.  Although  the  earth 
resistivity  is  not  always  the  same  for  the 
same  type  of  rock  formations  in  different 
locations,  it  may  be  observed  that  the 
variation  for  any  particular  material  is 
within  much  narrower  limits.  Thus,  from  a 
knowledge  of  the  composition  of  the  earth's 
crust  in  a given  area,  the  range  of  earth 
resistivities  for  that  area  may  be  pre- 
dicted. 

The  principal  correlation  data  be- 
tween type  of  formation  and  earth  resisti- 
vity is  summarized  in  Table  1.  The  table 
shows  the  major  geological  periods  and  the 
corresponding  ranges  of  earth  resistivity. 


middle  of  the  ranges  estimated  from  the 
geological  map  and  correlation  data. 


GEOLOGICAL 

PERIODS 

RANGE  OF 

EARTH  RESISTIVITY 
ohm  ‘meters 

Pre-Cambrian  and 
Combinations  of 
Pre-Cambrian  and 
Cambrian . 

1,000  - 10,000 

Cambrian  and 
Ordovician  Com- 
binat ions . 

100  - 1,000 

Ordovician  to 

Devonia,  inclusive, 
and  combinations  of 
these  periods. 

50  - 600 

Carboniferous , 
Triassic,  and  com- 
binations of  carbon- 
iferous and  earlier 
periods  . 

10  - 300 

Cretaceous,  Tertiary, 
Quaternary  and  com- 
binations of  these 
periods . 

2 - 30 

TABLE  1 SUMMARY  OF  PER 10D/ RES  I ST  I V ITY 
CORRELATION  (REF.  10) 


Cabla  Location 


In  order  to  assess  the  probable  pin- 
holing  statistics  which  may  be  expected 
with  buried  cables,  a knowledge  of  the 
location  of  installations  is  necessary. 

A population  distribution  map.  Census  of 
Canada  - 1971  was  used  to  give  a first 
approximation  of  cable  locations.  It  was 
assumed  that  cable  installations  have  a 
geographical  distribution  proportional  to 
the  population  density. 


i 


A Magnetic  Anomaly  Map  of  Canada2? 
was  used  to  identify  the  principal  physio- 
graphic regions  of  Canada.  The  regions  are 
illustrated  on  the  outline  map  of  Canada  in 
Fig.  5.  By  comparison  with  a Geological 
Map  of  Canada25,  the  major  geological  fea- 
tures of  each  region  were  established. 

Using  the  earth  res i st ivity/ geological  age 
correlation  data  the  range  of  earth 

resistivities  in  each  of  the  physiographic 
regions  and  sub-regions  were  tabulated 
(Fig.  5). 

The  estimates  of  earth  resistivity 
ranges  were  used  to  supplement  the  single 
values  obtained  for  each  region  on  the 
conductivity  maps.  In  general,  the  magni- 
tudes of  earth  resistivity  indicated  by  the 
conductivity  maps  were  somewhere  in  the 


Pinholina  Growth 

Estimates  of  the  severity  of  pin- 
holing  may  be  determined  from  (9)  from 
which  it  is  readily  found  that  by  far  the 
most  critical  parameter  is  the  earth  resis- 
tivity. In  relatively  common  earth  resis- 
tivities of  100  ohm'meters,  the  severity 
of  pinholing  will  be  theoretically  two 
orders  of  magnitude  less  than  that  in  the 
high  earth  resistivities  of  1000 
ohm ‘meters . 

The  effect  of  pinholes  on  cable  per- 
formance depends  somewhat  on  the  cable  con- 
struction. Because  air  core  PIC  cables 
permit  entrance  of  large  quantities  of 
water  when  the  sheath  is  ruptured,  they 
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FIG.  5 PHYSIOGRAPHIC  REGIONS  OF  CANADA 
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have  been  largely  replaced  for  buried  use 
by  PIC  cables  having  a core  filled  with  a 
grease  compound.  Water  is  almost  complete- 
ly excluded  except  in  small  fissures  that 
may  develop  due  to  imperfections  in  the 
filling  process.  In  powder  filled  cable, 
each  sheath  rupture  will  admit  some  moist- 
ure to  the  powder  filled  core  before  long- 
itudinal flow  is  sealed.  The  quantity  of 
water  admitted  and  the  length  of  cable 
affected  is  reasonably  constant  at  about 
one  meter  for  sheath  openings  larger  than 
about  one  millimeter  in  diameter.  For 
smaller  holes  the  penetration  is  much  less.' 
If  the  cable  is  completely  filled  with 
water,  laboratory  data  indicate  an  increase 
in  capacitance  of  86  percent  and  a corres- 
ponding increase  in  attenuation  of  40  per- 
cent. It  is  apparent  that  if  the  spacing 
of  the  pinholes  is  known,  an  estimate  could 
be  made  for  an  increase  in  the  mutual  cap- 
acitance and  attenuation  for  any  length  of 
cable  that  has  been  subjected  to  pinholes 
due  to  lightning  strokes.  Limited  data  in 
the  1 it  erature-1 “i  I4  indicate  that  3 meters 
may  be  a representative  pinhole  spacing. 

A rather  conservative  figure  of  0.6  meters 
of  water  penetration  per  pinhole  was 
assumed1 . 

Using  these  data,  estimates  were  made 
of  the  number  of  pinholes  that  can  be  tol- 
erated before  transmission  parameters  are 
significantly  degraded.  In  the  calcula- 


tions, the  average  increase  in  mutual  cap- 
acitance was  limited  to  5.0  percent.  This 
increase,  equivalent  to  less  than  1.0  dB 
loss  in  a T1  repeater  span,  will  occur  when 
about  six  percent  of  the  cable  is  wet. 

If  the  isokeraunic  and  physiographic  maps 
are  overlaid,  regions  are  established,  each 
with  a set  of  values  of  earth  resistivity 
and  mean  number  of  thunderstorm  days  per 
year.  The  percentage  of  cable  subject  to 
that  level  of  pinholing  per  year  is  then 
estimated  from  the  map  of  population  dis- 
tribution. Finally,  the  number  of  years 
required  to  reach  the  five  percent  increase 
in  mutual  capacitance  was  calculated  and 
tabulated  as  the  Mean  Time  to  Fault  Con- 
dition. A summary  of  these  data  has  been 
given  previously^  for  each  province  in 
Canada.  More  detailed  data  for  four  of 
the  largest  Canadian  provinces  is  given  in 
Table  2. 

The  data  in  Table  2 are,  of  course, 
only  general  estimates.  A great  deal  more 
field  data  on  the  number  and  characteris- 
tics of  pinholes  is  required  before  reli- 
able quantitative  forecasts  of  cable  life 
in  any  particular  region  can  be  made.  The 
dielectric  breakdown  in  cable  jackets  will 
be  far  more  extensive  in  high  resistivity 
soil  than  in  low  resistivity  soil,  out  the 
characteristics  of  the  jacket  rupture  and 
the  consequence  of  such  ruptures  may  vary 
widely. 
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In  high  resistivity  soil,  the  partial 
currents  are  likely  to  cause  many  break- 
downs that  rupture  only  the  cable  jacket, 
leave  the  underlying  shipld  intact  and  do 
not  degrade  the  cable  transmission  proper- 
ties, unless  the  shield  is  eventually 
corroded.  On  the  other  hand,  in  low  resis- 
tivity soil,  the  rupturesthat  do  occur  are 
more  likely  to  cause  melting  of  the  shield 
and  water  incursion.  Direct  strokes  or 
arcs  to  the  cable  are  relatively  infrequent 
and  will  cause  severe  damage  only  in  the 
immediate  area  of  impact.  Since  it  has 
been  assumed  in  this  study  that  all  jacket 
pinholes,  however  smail,  will  admit  moist- 
ure to  the  cable,  the  estimates  of  fault 
conditions  are  believed  fo  be  conservative. 
For  the  more  usual  lightning  environments, 
the  estimates  are  generally  much  in  excess 
of  the  usually  accepted  nominal  cable  life, 
while  the  severe  lightning  environments  in- 
dicate that  some  additional  protective 
measures  may  be  required,  particularly 
where  the  earth  resistivity  is  greater  than 
1000  ohm*meters.  This  recommendation  is 
also  applicable,  in  general,  to  all  other 
types  of  cable  having  a metal  sheath  with 
an  insulating  covering^2 * * 5. 

CONCLUSIONS 


The  relative  extent  of  pinholing  for 
all  cables  having  an  insulating  covering 
over  a metal  sheath  is  primarily  dependent 
on  soil  resistivity.  For  high  soil  resis- 
tivity areas,  where  lightning  activity  is 
severe,  service  life  for  all  such  cables, 
including  powder  filled  cables  may  be 
adversely  affected.  In  such  cases,  the 
addition  of  an  inner  jacket  under  the 
shield  or  other  protective  measures  should 
be  considered. 

For  the  usual  lightning  environments, 
the  estimates  in  Table  2 indicate,  with  a 
high  confidence  level,  that  powder  filled 
cable  having  a conventional  sealed  sheath 
will  be  completely  satisfactory. 
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LABORATORY  EVALUATION  OF  BURIED  SPLICE  CLOSURES 


by  Norman  A.  Gac 


Telecommunications  Division 
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Menlo  Park,  California 


SUMMARY 


Ideally,  a buried  closure  for  filled  PIC  cable 
splices  should  reconstitute  the  electrical  -no  mech- 
anical properties  of  the  cable.  In  service,  the 
closure  may  experience  a variety  of  environmental 
stresses  which  may  lead  to  the  destruction  of  its 
basic  function  - providing  a reliable  water  seal. 
Laboratory  evaluations  of  the  materials  and  engi- 
neering test  criteria  must  define  the  performance 
levels  required  in  service.  This  paper  reviews 
some  existing  design  and  specifications  criteria 
in  use.  It  attempts  to  provide  a meaningful  ap- 
proach, a proper  balance  between  materials  and 
engineering  paramenters,  and  an  assessment  of 
currently  accepted  standards. 


INTRODUCTION 

A buried  splice  closure  should  reconstitute 
the  electrical,  mechanical,  chemical  and  biologi- 
cal properties  of  the  cable.  For  filled  cable 
closures,  this  norm  dictates  that  the  splice 
closure  should  provide  an  adequate  water  seal. 

Pure  mechanical  weaknesses  can  interrupt  transmis- 
sion. However,  field  failure  reports  generally 
state  water  as  the  cause.  Yet,  suppliers  and  users 
expend  considerable  effort  evaluating  burled 
closures  in  the  laboratory  prior  to  field  use. 
Apparently,  the  design  evaluation  criteria  are  too 
narrow  or  do  not  measure  the  relationships  between 
laboratory  and  field  conditions. 

In  1975,  the  author  participated  in  the  intro- 
duction of  a filled  distribution  cable-service  wire 
pretermination  product.  This  system  is  adequately 
described  elsewhere.1*  2*  3 The  referenced  arti- 
cles describe  several  salient  requirements.  These 
are: 

1.  production  assembly, 

2.  severe  handling  following  installation, 

3.  exposure  to  four  environmental 
conditions,  namely, 

a.  factory  c.  placement 

b.  storage  d.  field  service 

An  extensive  laboratory  evaluation  was  central 
to  the  wide-spread  success  of  the  pretermi nation 
burled  splice  closure.  The  product  requirements 
listed  were  essentially  those  of  a filled  cable. 

Yet  in  the  early  1970's  filled  cable  Improvements 


were  still  being  made.  No  commercial  closure 
product  satisfactorily  met  the  factory  pretermina- 
tion requirements.  User  specifications  for  even 
field  installed  products  were  unavailable.  There- 
fore, evaluation  standards  were  lacking.  A costly 
test  development  program  was  required  prior  to 
making  financial  commitments  for  the  expansion  of 
our  Engineering  Test  Laboratory.  This  situation 
has  radically  changed. 

The  overall  objective  of  this  paper  is  to 
review  buried  closure  evaluation  status.  More 
specifically,  it  is  written  to  summarize  (1)  back- 
round  information,  (2)  industry  requirements, 

3)  laboratory  evaluations,  and  (4)  suggestions. 

FILLED  CABLE 

A meaningful  discussion  of  buried  closures 
requires  a review  of  filled  cable  technology.  The 
principal  (1)  technical  considerations,  (2)  func- 
tional characteristics  and  (3)  current  trends  are 
summarized  in  this  section. 

The  technical  requirements  are  found  in  dis- 
cussions of  air  core  PIC  failures  and  reclamation 
approaches.4*  s>  6*  7 Filling  PIC  cable  seals  con- 
ductor insulation  faults  and  provides  a stable  di- 
electric medium  between  pairs.  Thus,  electrolytic 
corrosion  is  essentially  eliminated  and  signal  loss 
is  minimized.8 

The  water  which  causes  air  core  PIC  to  fail 
may  enter  by  (1)  moisture  vapor  transmission, 

(2)  sheath  damage,  and  (3)  poor  closure  seals. 

Water  vapor  transmission  is  currently  reduced  to 
negligible  levels  by  bonded  aluminum  shield  con- 
structions. Well  filled  cable  makes  sheath  damage 
effects  negligible  relative  to  air  core  counter- 
parts. Powder  filled  cable  may  provide  additional 
improvements.9*  10  Water  can  migrate  in  petrolatum 
filled  cable  into  the  splice  closure.  Thus,  the 
splice  closure  becomes  vulnerable  both  from  cable 
and  closure  water  entry. 

Filled  cable  must  be  handled  under  a variety 
of  conditions.  Thermal  expansions  and  contractions 
as  well  as  mechanical  stresses  such  as  bending, 
tensile  loading,  and  vibration,  introduce  an  ad- 
hesion requirement.11  Petrolatum  based  and  similar 
hydrocarbon  filling  compounds  adhere  to  the  non- 
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polar  polyolefin  conductor  insulations.  An  accom- 
odating, self  healing  effect  is  also  present.  More 
rigid  and/or  more  polar  materials  do  not  exhibit 
this  materials  combination.  We  have  found  that  the 
"gasket  seal"  achieved  with  these  latter  materials 
is  easily  broken  following  thermal  or  mechanical 
displacements.  Water  paths  are  formed. 

Filled  cable  has  displaced  air  core  PIC  as  the 
preferred  distribution  cable.  Moreover,  the  10 
year  trend  toward  filled  cable  appears  to  be  con- 
tinuing and  starting  to  impact  the  larger  pair 
count  requirements.*2*  14>  15  This  cable  type  can, 
in  principal,  replace  pressurized  cable  designs. 
However,  present  closures  may  prove  inadequate  for 
large  splice  bundles. 

CLOSURES  FOR  FILLED  CABLE 

A buried  splice  should  be  considered  an  in- 
tegrated system.  The  three  major  components  being 
1)  conductor  connectors,  (2)  bonding  hardware,  and 
3)  the  environmental  seal.  This  review  is  direc- 
ted toward  the  last  item.  However,  the  other  two 
components  cannot  be  totally  ignored.  If  connec- 
tors prevented  moisture  ingress  reliably,  closure 
filling  or  seals  would  be  less  critical.  Limita- 
tions also  exist  in  some  designs  because  bonding 
hardware  acts  as  the  tensile  load  bearing  member. 
Movement  of  the  splice  seal  relative  to  the  splice 
is  therefore  possible. 

Filled  cable  closures  may  be  classed  as: 

(1)  direct  buried  encapsulations,  (2)  hermetic 
seals,  and  (3)  above  ground  pedestals.  This  paper 
deals  primarily  with  the  available  criteria  and 
laboratory  evaluation  of  the  first  category.  How- 
ever, some  designs  which  appear  to  primarily  depend 
cn  the  encapsualnt  also  require  a sealed  outer 
shell  for  water  exclusion. 

Configurations  vary  widely  in  current  closure 
designs.  The  CCITT  published  a handbook  early  this 
year  attempting  to  compile  this  information. 16 
Eight  major  categories:  3 based  on  cold  and  5 based 
on  hot  installation  methods  are  presented.  Only 
one  closure  is  explicitly  reconmended  for  filled 
cable.  Neither  some  well  known  filled  closures  nor 
above  ground  pedestals  are  mentioned.  Nonfilled 
hermetic  seal  varieties  are  not  designated  as  used 
with  filled  cable. 

No  performance  criteria  are  given  in  the  CCITT 
publication.  However,  the  need  to  define  such 
criteria  was  discussed  ir,  the  Group  VI  session  in 
March,  1978. 

Since  1971,  the  Proceedings  of  the  Interna- 
tional Wire  and  Cable  Symposium  have  published  only 
three  papers  on  filled  closures.  In  1971,  it  was 
reported  that  closures  were  the  main  source  of 
difficulty  in  filled  cable  field  trials.17  An  In- 
adequate sheath  seal  was  the  failure  mode  noted  in 
every  Instance  of  the  several  approaches  tried. 

The  grease  or  polymeric  filling  compounds  did  not 
provide  a secondary  barrier.  These  served  little 
purpose  once  the  outer  structure  seal  was  broken. 
Two  paper  announced  new  reentreble  polyurethane 
materials.  A 1973  paper  focused  on  methods  only.18 


The  second  included  performance  results  for  a new 
material  described  as  the  primary  moisture  bar- 
rier.19 It  stated  that  other  grease-like  and  poly- 
urethane compounds  available  up  to  1975  had  short- 
corni  ngs . 

The  difficulty  in  adhering  to  nonpolar  poly- 
olefin materials  was  discussed  in  four  related 
papers.  An  injection  welding  technique  was  des- 
cribed in  1974. 20  A hot  wire  welding  technique  was 
described  in  1975. 21  Both  methods  were  used  to 
overcome  the  difficulty  in  bonding  to  the  nonpolar 
jacket  surface.  Thermal  expansion  and  contraction 
effects  were  said  to  be  overcome  by  fusion  to  the 
sheath.  Another  1975  paper  discussed  the  difficul- 
ty with  blocking  PIC  cable  with  polyurethane 
materials.22  Again,  adhesion  or  wetting  was  noted 
as  the  technical  problem.  Finally,  a closure 
technique  for  polyethylene  jacketed  submarine  cable 
was  described  in  1976. 23  It  stated  that  the 
welding  techniques  could  be  improved  upon  with  new 
polymeric  adhesives  under  pressure  developed  with 
heat  shrinkable  tubing.  The  closure  filling  was 
the  polybutene  cable  compound. 

USER  PRODUCT  CRITERIA 

Documents  specifying  filled  cable  splice  envi- 
ronmental seals  include  a wide  range  of  inputs. 

User  product  criteria  are  a maze  of  system  philo- 
sophy, experience  and  level  of  detail  from  the 
supplier's  viewpoint.  Requirements  have  been  re- 
viewed from  agencies  and  organizaitons  in  Africa, 
Europe,  the  Middle  East,  North  America,  and  the 
Pacific  Basin.  First,  the  level  of  detail  varies 
considerably.  Criteria  may  be  so  specified  that 
only  one  closure  design  is  acceptable.  The  other 
extreme  is  a statement  that  cable  integrity  must 
be  maintained  by  the  closure.  North  American  or- 
ganizations require  filled  closures.  Generally, 
the  various  European  agencies  favor  nonfilled 
hermetic  seals  for  use  with  lower  pair  count  filled 
distribution  cable. 

One  major  factor  which  influences  the  choice 
between  filled  and  nonfilled  closures  is  the  prac- 
tical need  for  reentry  and  reassignment  of  pairs. 
New  construction  in  the  United  States  is  based  upon 
direct  buried,  dedicated  pairs.  With  this  network 
design,  a splice  can  be  permanently  sealed. 

Reentry  is  less  important. 

In  attempting  to  adequately  design  and  evalu- 
ate filled  cable  closure  products,  the  supplier 
encounters  various  levels  of  demand  for  information 
which  can  be  categorized  as  (1)  materials, 

(2)  methods,  and  (3)  functional.  There  is  good 
agreement  on  materials,  i.e.,  chemical  and  biologi- 
cal, requirements.  The  reader  is  referred  to  REA 
Specification  PE-7424  as  typical.  It  Includes 
various  (1)  soils  chemical,  (2)  corrosion,  (3)  con- 
nector, sheath  and  conductor  insulations  compati- 
bility and  (4)  fungus  resistance  requirements. 

These  same  evaluations  are  generally  required  by 
those  specifying  other  designs.  Methods  evalu- 
ations, e.g.,  installation  conditions,  vary  consid- 
erably and  therefore  will  not  be  considered  here. 

The  remaining  agreements  between  users  and 
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suppliers  center  on  functional  requirements.  As 
typical.  Table  1 lists  those  required  by  REA  for 
filled  closures  and  Table  2 lists  those  acceptable 
to  the  German  Post  Office  for  a hermetic  seal 
product.25  Some  Important  test  details  with 
respect  to  the  REA  requirements  listed  in  Table  1 
are: 

1.  Test  Splice:  ring  cut  cable,  no  connec- 
tors, no  bonding,  no  cable  end  seals 

2.  Order  of  Test  Execution:  sequentially 

3.  Pass  Criteria:  maintain  5000  megohms, 

500  VDC  Insulation  resistance,  tlp/ring, 
ring/shield,  tip/shield  with  moisture 
sensors 

And  for  the  German  Post  Office  evaluation  shown  in 
Table  2: 

1.  Test  Splice:  none,  cable  stubs  are  used 

2.  Order  of  Execution:  parallel  tests 

3.  Pass  Criteria:  pressure  retention, 

40  KPa  (6  psi),  no  visual  leaks  In  a 
water  bath 

The  two  examples  given  show  that  user  specifica- 
tions are  inadequate  for  supplier  design  use  other 
than  as  a guide  or  for  quality  assurance  purposes. 
In  other  words,  meeting  the  laboratory  specifica- 
tion does  not  insure  that  the  product  will  function 
In  the  field. 

LABORATORY  EVALUATION  PROGRAM 


The  previous  sections  point  out  that  there  is 
a considerable  body  of  materials  information  from 
which  to  proceed.  The  technical  problem  is  one  of 
overcoming  the  difficulty  In  adhering  to  nonpolar 
paraffinic  materials.  The  Incorporation  of  materi- 
al combinations,  however,  requires  functional  eval- 
uation. The  central  question  is  not  one  of  materi- 
als compatibility,  but  the  effectiveness  of  the 
seal.  Thermal  and  physical  stresses  Impose  analo- 
gous requirements  on  mechanical  seals  and  encapsu- 
lations. However,  current  laboratory  criteria  do 
not  functionally  evaluate  Installed  products. 
Spliced  cable  should  be  subjected  to  a test  se- 
quence which  approximates  field  environments. 

DESIGN  TEST  PROGRAM 


After  much  effort,  we  have  evolved  the  filled 
closure  test  program  depicted  in  Figure  1.  Splices 
are  made  with  defined  cable  designs  and  specific 
connectors— plus  moisture  sensors.  These  sample 
splices  are  conditioned  along  with  closure  compo- 
nents at  low,  normal  and  high  temperature  extremes. 
The  assembled  test  specimens  are  thermally  cycled 
such  that  splice  core  temperatures  stabilize  at 
-30 °C  and  50 °C.  This  temperature  range  subjects 
the  outer  surfaces  to  temperatures  greater  than 
-40  “C  and  60“C.  This  conditioning  Is  followed  by 
immersion  In  a 5%  salt  solution  and  measurement  of 
Insulation  resistance.  Tip/ring,  ring/shield,  and 
tip/shield  values  are  recorded  for  10  moisture 
sensors.  A randomization  program  has  yet  to  be 
developed  for  connector  pairs.  Currently  we  group 
tips  and  rings  by  binder  group  until  low  values 


are  determined.  Tests  are  discontinued  when  10*  of 
the  pairs  have  values  below  1000  megohms  at  500  VDC. 
It  is  estimated  that  a calendar  period  of  4 to  5 
months  Is  required  to  conduct  the  entire  program. 

The  test  sequence  was  developed  primarily  for  pro- 
ducts used  in  North  America  where  a user  commitment 
to  totally  filled  plant  Is  specified. 24“  26’  27’  28 

At  this  time,  we  have  not  subjected  a product 
to  this  entire  sequence.  However,  this  recommenda- 
tion Is  based  on  many  similar  completed  programs. 

TYPICAL  TEST  PROGRAM 

A typical  completed  evaluation  Is  Included 
for  clarification.  Table  3 lists  8 combinations  of 
2 available  housings  and  4 commercial  encapsulants 
that  were  sequentially  tested.  The  housings  are 
designated  S and  M.  S was  a prototype  designed  to 
seal  to  the  sheath  with  an  adhesive.  The  designer 
believed  that  a hermetic  seal  and  a rigid  shell 
would  enhance  various  encapsulants.  These  would 
act  as  secondary  water  barriers.  S(H)  designates 
that  filling  plugs  were  left  out  of  S.  M was  a 
semi-rigid  shell  or  mold.  Vinyl  tape  held  M In 
place  for  filling.  Therefore,  no  strain  relief  or 
tensile  loading  ability  was  provided  by  the  shell. 
Encapsulants  I and  II  were  low  elongation,  cured- 
In-place  materials.  Encapsulants  III  and  IV  were 
thixotropic  grease-like  compositions.  The  objec- 
tive was  to  gauge  performance  with  a systematic 
variation  of  housing  and  encapsulant.  Thus,  rela- 
tive performance  could  be  established  for  addition- 
al design  work.  The  same  filled  and  nonfilled  con- 
nector arrangement  was  used  In  all  splices. 

Procedures  This  early  attempt  at  sequential 
testing  Included  the  following: 

Splice  Details 

“ 200  pair,  22  gauge  in  line  splice 
° fold  back  arrangement  per  Bell  System 
Practices 

“ pairs  selected  for  monitoring  were  1 
to  16  and  26  to  41  at  each  end  of  the 
splice  bundle 

“pairs  1 to  8 and  26  to  33  were  connected 
with  unfilled  connectors;  others  used 
waterproof  connectors 
0 bonding  hardware  was  the  load  bearing 
variety  compatible  with  the  housing 
“ 7 feet  cable  stubs  outside  of  closure 

Criteria 

“ Insulation  resistance,  tlp/ring.  ring/ 
shield,  tip/shield  of  1000  megohms  at 
500  VDC  minimum,  20 “C 

• failure  was  defined  as  3 or  more  pairs 
below  this  level 

Sequence 

1.  thermal  stress 

“ 10  cycles,  12  hours  per  cycle 
“ core  temp  extremes:  -5“C  (-20“F), 

+50 “C  ( 120*F) 

* 3 day  40“C  (105“F)  water  Immersion, 2 ft. 
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2.  External  environmental  stress 

0 70  cycles,  24  hours  per  cycle 
* 1 foot  sand,  water,  5*  NaCl 
0 Core  temperatures:  -18*C  (0*F), 

+50  *C  (120*F) 

3.  Internal  water  head 

° 30  days,  40°C,  2 feet  head  water  bath 
° 1 in.  x 1 in.  hole  in  cable  1 foot 
from  ring  cut 

4.  Mechanical  Stress 

a.  Tensile  loading 

° 250  1b  to  sheath  held  15  minutes 

• 5 day  water  immersion 

b.  Bend  Stress 

• Manual  bend,  45  to  splice  axis 

• 3 foot  lever  arm 

• 3 bends 

• 18  days  water  immersion 

Results  and  Discussion  The  results  obtained  with 
the  8 closure  systems  are  given  in  Table  3.  It  was 
found  that  the  specific  filled  and  nonfilled  con- 
nectors and,  as  a result,  the  powered  counterparts, 
were  indistinguishable  in  these  tests.  Visual  in- 
spection on  disassembly  showed  water  in  each 
closure  and  less  than  complete  filling  of  the 
bundle  core.  As  can  be  seen  with  sample  1,  the 
hermetic  seal  prototype  worked  until  a sheath 
fault  was  introduced.  Samples  2 and  3 showed  that 
encapsulant  I functioned  to  block  water  entry  with 
the  sheath  fault.  The  connectors  in  sample  2 were 
found  to  be  well  encapsulated.  This  was  not  so  in 
sample  3.  In  the  case  of  both  samples  4 and  5,  it 
is  believed  that  encapsulant  adhesion  to  the  shell 
was  sufficient  to  cause  a pumping  action  in  wet 
cycling.  This  view  has  been  verified  in  related 
experiments  with  encapsulant  II.  Little  need  be 
said  about  encapsulants  III  or  IV.  The  hermetic 
closure  prototype  design  was  clearly  unacceptable 
as  were  all  of  encapsulants  as  primary  barriers. 

Conclusions 

H The  waterproof  connectors  were  inadequate 
without  encapsulant  or  a hermetic  seal 
water  barrier. 

2.  Very  limited  sequential  testing  showed 
these  conmerclal  encapsulating  materials 
to  be  ineffective. 

3.  Filling  techniques  need  to  be  improved 
with  all  4 encapsulants. 

4.  Every  product  system  had  at  least  one 
specific  flaw  which  was  clearly  definable 
as  a result  of  this  sequential  test. 

RELATED  FUNCTIONAL  EVALUATIONS 

The  test  sequences  presented  are  long  term, 
final  engineering  evaluations.  They  assess  assem- 
bled closure  capabilities.  Direct,  short  term 
tests  of  bonding  hardware,  cunnectors  and  encap- 
sulants are  preferable  for  initial  design  studies. 

BONDING  HARDWARE 

We  have  done  little  with  bonding  hardware 
evaluation.  The  reader  is  directed  to  two  refer- 
ences for  information.26*  29 


WATERPROOF  CONNECTORS 

Our  closure  studies  have  shown  a wide  variabil- 
ity in  waterproof  connector  performance.  An  appar- 
atus was  accordingly  developed  to  functionally 
assess  the  effect! vity  of  connector  filling  materi- 
als and  design.  The  basic  apparatus  consists  of  a 
5i  NaCl  solution  bath  into  which  connectors  are 
Immersed  and  powered.  Current  flow  is  measured 
with  50  VDC  power  supply  in  parallel  with  microamp 
and  mi 11  lamp  meters.  These  are  connected  to  a 
switch  bank  leading  to  the  connectors.  Ground 
potential  is  maintained  with  an  inmersed  stainless 
steel  electrode.  Failure  is  defined  as  a milliamp 
current  flow. 

ENCAPSULANT  ADHESION 

An  experimental  arrangement  is  under  develop- 
ment to  functionally  rate  encapsulant  adhesion  to 
conductor  and  connector  surfaces.  Tests  in  pro- 
gress Include  experiments  in  *4i1ch  a central  conduc- 
tor is  wrapped  in  short,  uniformly  spaced  regions 
with  stripped  singles.  The  central  member  exits 
the  top  of  an  encapsulant  plug  while  the  monitors 
exit  the  bottom.  A water  head  is  placed  over  this 
wire  array.  Point  to  point  insulation  resistance 
readings  of  the  bare  wire  segments  to  the  water 
and  each  other  are  made.  This  allows  the  time 
dependence  and  extent  of  water  Ingress  along  the 
central  vertical  conductor  to  be  quantitatively 
characterized. 
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APPENDIX 

Table  1:  REA  PE-74  FUNCTIONAL  TEST  SEQUENCE 


ITEM 

BASIC  CONDITIONS* 

Preparation 

3 samples  each  at  0“C,  20°C  and 
40T 

Thermal  Cycling 

25  cycles,  -25°C  and  45°C 

Vibration 

10  cycles,  5 and  20  Hz,  ±0.1  In. 
amplitude,  0°C  and  40°C  samples 

Tensile  Loading 

1/2  cable  breaking  strength  or 
250  lbs.,  maximum 

Water  Immersion 

2 days  at  20°C,  3 foot  head 

Wet  Cycling 

25  cycles,  3 foot  head,  2*C  to 
45°C 

a.  All  temperatures  are  at  core  locations 


CLOSURES  AND  RESULTS 


IWCRSION* 


100  FREEZE -THAW  CYCLES 
UNDER  1 FOOT  SANO  & WATER 
-20*C.  ♦40*C 


Figure  1.  PROPOSED  BURIED  CLOSURE  TEST  SEQUENCE 


(PASS)6  (FAIL)' 


TENSILE 

LOAD 


IENO 

STRESS 


а.  plug*  lef.  out  of  «h«t1 

б.  plug  foil  out  during  cycling 
C.  bonding  narduor*  pulled  out 

d.  failed  connector*  poorly  encapsulated 
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CONECS  - A COMPLETE  SPLICING  SYSTEM  FOR 
AERIAL,  BURIED  AND  UNDERGROUND  TELEPHONE  PLANT 
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Abstract 

CONECS  is  a complete  system  for  de- 
signing and  installing  connectorized  multi- 
pair cable  in  aerial,  buried,  and  under- 
ground plant.  CONECS,  developed  by  AT&T , 
Bell  Labs,  and  Western  Electric,  includes 
hardware,  documentation  and  training. 

CONECS  utilizes  the  Western  Electric  710 
Connector  System  in  25  pair  multiples  and 
is  fully  compatible  with  710  Connector 
field  splices.  A new  Wire  Holding  Index 
Strip  (WHIS)  plugs  into  the  connector 
module  to  form  a splice,  supplementing 
the  conventional  bridge  module  and  con- 
nector module  male/female  option.  The 
WHIS  makes  possible  fully  connectorized 
branch  splices.  Besides  multipair  cable, 
CONECS  options  are  available  for  coil 
cases,  inductor  cases,  and  FDI's.  Wes- 
tern Electric  is  manufacturing  CONECS  in 
all  cable  plants  and  many  service  centers. 
Telephone  companies  are  realizing  savings 
in  both  costs  and  installation  time  of 
new  plant. 

Introduction 

CONECS,  an  acronym  for  CONnectorized 
Exchange  Cable  Splicing,  is  a Bell  System 
development  by  AT&T,  Bell  Labs,  and  Wes- 
tern Electric.  It  is  a practical  solu- 
tion to  an  old  idea,  plug-together  tele- 
phone plant.  Cables  connectorized  and 
tested  at  a Western  Electric  factory  or 
service  center  are  shipped  to  the  field, 
installed  in  place  using  standard  methods, 
and  simply  and  quickly  plugged  together. 

The  central  objective  of  CONECS  is 
to  reduce  plant  construction  costs  by 
removing  tedious,  repetitive  and  time 
consuming  operations  from  the  field  and 
placing  them  in  a more  controlled  environ- 
ment where  the  working  conditions  are  more 
pleasant  and  constant;  thus,  there  is  a 
higher  efficiency  potential. 

The  CONECS  program,  since  its  begin- 
ning in  1974,  has  been  a very  structured 
development  effort.  Each  part  of  the  pro- 
gram began  with  extensive  field  trials, 
followed  by  phased  introduction,  and 
general  availability.  Before  any  step 


proceeded,  methods  for  field  engineering, 
field  construction,  manufacturing,  train- 
ing courses,  and  installation  hardware 
were  developed  and  available.  These  were 
then  tested  in  field  trials,  and  fine 
tuned  during  a phased  introduction  period 
to  assure  a smoothly  functioning  system 
for  general  availability.  Aerial  and 
buried  applications  preceeded  underground 
applications  by  about  a year  because  they 
generally  have  fewer  constraints  and 
complexities. 

The  CONECS  concept  and  early  develop- 
ment was  discussed  in  a paper  by  Frey  and 
Hardeel  at  the  1976  Symposium.  This  pa- 
per briefly  reviews  the  concept,  and 
deals  more  extensively  with  system  econo- 
mics and  implementation  experience  since 
1976. 

CONECS  System 

The  heart  of  CONECS  is  the  Western 
Electric  modular  710  Connector  System, 2, 3 
which  is  the  standard  modular  system  and 
preferred  high  production  system  in  most 
Bell  System  companies  for  conventional 
field  splicing  of  multipair  cables.  Ini- 
tially, the  basic  configuration  of  CONECS 
used  the  plug-in  bridge  feature  of  the 
710  Connector  System.  Typically,  at  a 
straight  CONECS  splice,  one  cable  end 
was  terminated  in  connector  (female) 
modules  and  the  mating  cable  end  was  ter- 
minated in  bridge  (male)  modules.  These 
are  quickly  plugged  together  with  the 
aid  of  a simple  plier-type  hand  tool. 

The  concept  is  illustrated  in  Figure  1. 
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These  splices  can  be  unplugged  and  re- 
plugged to  other  modules  to  rearrange 
splices.  This  feature  is  very  convenient 
for  unloading  during  a conversion  to  car- 
rier service.  At  branch  splices  using 
this  configuration  a third  (branch)  cable 
can  be  added  in  the  field  to  the  top  of 
the  connector  module  using  a pair-at-a- 
time  hand  tool  (Figure  2). 


Figure  2 


A new  component,  called  Wire  Holding 
Index  Strip  (WHIS) , has  been  added  to  the 
710  Connector  System  for  CONECS  for  dedi- 
cated straight  splices  where  disengage- 
ment and  rearrangement  are  not  required. 
The  two  piece  WHIS  assembly  captivates 
the  conductors  of  one  cable  end.  Other- 
wise, WHIS  is  similar  to  a conventional 
index  strip  and  mates  with  the  connector 
module  as  shown  in  Figure  3.  A connector 
module  used  to  terminate  a cable  end  and 
mate  with  a WHIS  is  called  a Bottomless 
Splice  Module  (BSM) . A straight  BSM/ 

WHIS  splice  can  be  simply  branched  by 
plugging  into  the  connector  modules  of  a 
cable  terminated  with  bridge  modules. 

The  BSM/WHIS  splices  are  smaller,  which 
is  a decided  advantage  for  large  feeder 
cables.  Planned  activity  splices,  such 
as  for  loading,  will  continue  to  take 
advantage  of  the  plug-in  connector/ 
bridge  feature.  The  same  plier-type 
tool  is  used  to  assemble  BSM/WHIS  and 
connector/bridge  module  splices. 

Field  Engineering  and  Construction 

Basically  any  splice  can  be  made  a 
CONECS  splice.  A coding  system,  which 
specifies  the  end  of  each  cable  or  appara- 
tus stub  using  a four  or  five  letter  code, 
permits  offering  hundreds  of  splice  and 
closure  combinations  for  full  flexibility 
in  Outside  Plant  design.  Both  ends  of 


Figure  3 


a cable  may  be  connector ized  for  buried  or 
aerial  applications,  however  constraints 
in  splice  location  or  placing  may  restrict 
the  reels  to  single  end  CONECS.  Good 
route  planning  will  purposely  include 
several  conventional  field  splices  for 
length  adjustments  and  verification  test- 
ing. Underground  applications  are  neces- 
sarily single  ended  as  shown  in  Figure  4. 
The  cable  cannot  be  pulled  into  a duct 
by  the  CONECS  end,  nor  would  a connec- 
tor ized  end  fit  through  a duct.  Thus, 


ftQUftt  4 

undikkouno  connicoiizid  mot  or  conics  c*tu  in  auci 


a typical  underground  CONECS  job  would 
have  alternating  710  field  and  CONECS 
splices.  Standard  methods  can  be  used 
to  place  aerial,  buried  or  underground 
CONECS.  During  placing,  a special  bar, 
see  Figure  5,  attaches  to  the  ends  of 
aerial  and  buried  cables  to  align  them 
for  splicing,  and  a special  feed  tube 
with  a hinged  seam  opens  to  pass  over 
the  CONECS  bundle  in  underground  instal- 
lations. Accurate  placement  and  han- 
dling of  the  CONECS  end  adds  only  about 
7-1/2  minutes  to  the  placing  time  per  reel. 
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Figure  5 


Several  important  factors  were  veri- 
fied over  and  over  during  the  field  trials 
and  phased  introductions,  and  remain  true 
now.  First,  training  of  engineering  and 
construction  management,  and  craft  persons 
is  essential  before  starting  to  useCONECS. 
Second,  joint  planning  of  the  job  by  engi- 
neering and  construction  is  essential  prior 
tc  ordering  the  cable.  Finally,  the  con- 
struction supervisors  must  plan  and  direct 
the  work  of  their  people  to  gain  the  full 
benefits  of  the  potentially  higher  produc- 
tivity. Since  plugging  modules  together 
is  much  faster,  less  than  1/3  the  time  for 
conventional  splicing  the  construction  job 
must  be  coordinated  to  take  advantage  of 
this.  In  many  jobs  CONECS  cable  can  be 
spliced  as  quickly  as  it  is  placed  - no 
open  pits,  repeat  visits,  etc. 

In  ordinary  construction,  the  craft 
person  or  contractor  often  determines 
placing  methods  and  directions,  location 
and  configuration  of  splices,  types  of 
closures,  and  the  direction  of  branch, 
load  coil,  or  apparatus  stubs  entering 
a splice  at  the  field  location.  But  with 
CONECS  these  affect  the  connector ization 
code  and  must  be  determined  before  the 
cable  is  ordered.  Revisions  or  late  deci- 
sions could  cause  a connectorized  end  to 
be  cut  off.  Thus,  the  initial  cost  of 
engineering  a CONECS  job  is  higher,  about 
1/2  hour  per  splice,  but  on  the  positive 
side,  construction  changes  and  reengi- 
neering are  sharply  decreased  or  elimi- 
nated. Further,  it  results  in  more 
planned  utilization  of  ducts  and  manhole 
space.  The  training  packages,  comprising 
manuals  with  audio-visual  aids,  emphasize 
the  need  for  good  joint  planning.  Methods 
are  included  for  preparing  a simple  sche- 
matic that  provides  a quick,  accurate 
means  for  accounting  for  all  details. 

A policy  adhered  to  during  all  phases  of 
the  program  required  potential  users  to 
be  thoroughly  trained  before  participating 


Members  from  each  operating  area  were 
taught  how  to  train  management  and  craft 
persons.  They  were  supported  in  the  field 
by  Bell  Labs  and  Western  Electric  Applica- 
tion Engineers. 

Economics 

The  higher  field  productivity,  higher 
quality,  and  operational  benefits  have 
made  CONECS  extremely  attractive  from  the 
start,  but  the  questions  of  economics 
could  not  be  fully  answered  until  an  ex- 
perience base  was  developed.  At  first, 
it  appeared  that,  overall,  CONECS  was 
econimical  but  that  first  costs  may  be 
slightly  higher.  Now  we  know,  taking 
into  account  only  well  defined  first  cost 
parameters,  that  properly  planned  and 
managed  CONECS  jobs  cost  less  on  a splice 
for  splice  basis  for  most  areas  of  the 
Bell  System,  and  there  are  other,  less 
tangible  benefits. 

A formula  has  been  developed  for 
comparing  the  cost  of  making  a field 
splice  with  and  without  CONECS.  To  be 
economical  or  equivalent  on  a first  cost 
basis: 

CONECS  Splice  Costs  < Conventional  Splice 

Costs  (1) 

Substituting  the  appropriate  terms  into 
each  side  of  the  equation: 

2CC  + H • R + P-R  + eSh-R  + M + C + T • R 
c sc 

(2) 

where: 

CC  = CONECS  price  S/end 

Hc  = Total  CONECS  splicing  time,  hours 

R = Telco  loaded  labor  rate,  $/hour 

P = CONECS  placing  penalty, 

15  min. /splice  x 4 men  = 1 hr./ 
splice  (average) 

E = Extra  engineering  effort  for 
CONECS,  $20/splice  (average) 

H = Total  conventional  splicing  time, 
hours 

M = Module  material  cost,  $/splice 

C = Net  scrap  cable  costs  for 

conventional  splice,  $/splice 

T = Time  to  clear  cable  end  with 

conventional  splice,  1 hour/ splice 
(very  conservative) 
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Many  of  these  terms  are  familiar  and  self- 
explanatory.  Some,  however,  require  elab- 
oration. Hc  and  H are  the  total  number 
of  manhours  charged  to  the  splice.  This 
would  include  travel  time,  closing  and  re- 
opening partially  completed  splices  if 
needed,  personal  time,  clean  up,  etc.  Cs 
is  the  net  scrap  cable  cost,  for  excess 
cable  eliminated  at  CONECS  splices,  thus 
it  is  only  charged  to  the  conventional 
splice.  A survey  has  shown  an  average  of 
fifteen  feet  of  excess  cable  is  removed  by 
a splicer  at  each  underground  splice. 

Time  to  clear  a cable  end  (Tc)  is  a 
cost  to  conventional  splicing  to  permit 
verification  testing.  CONECS  ends  are 
automatically  cleared. 

The  local  loaded  labor  rate  (R)  varies 
throughout  the  country,  therefore  equation 
(2)  is  solved  for  (R) : 

2CC  + E - M - C 

R - H - H + T - P (3) 

c c 

If  the  local  telephone  company  loaded  labor 
rate  is  equal  to  or  greater  than  the  calcu- 
lated value  for  (R) , then  CONECS  is  econo- 
mical on  a first  cost  basis  in  that  oper- 
ating area  for  that  splice. 

Table  I shows  the  typical  break-even 
loaded  labor  rate  for  several  splices  in 
underground  plant.  Average  splicing  pro- 
ductivity was  used  for  both  CONECS  and 
conventional  field  splicing,  based  on 
field  trial  and  recent  survey  data. 


splices,  but  the  dollar  savings  are  less. 
Typically  a buried  splice  which  takes  about 
six  hours  with  conventional  methods  will 
take  only  1-1/2  hours  with  CONECS. 


TABLE  II 


SAVINGS  PER  SPLICE 


Cable  Size 

$ Dollars 

% Lab 

600  - 22 

7 

63 

1200  - 22 

16 

66 

1800  - 24 

15 

67 

2700  - 26 

14 

69 

3600  - 26 

16 

70 

In  addition  to  readily  quantified 
costs,  there  are  additional  benefits  of 
CONECS.  Construction  intervals  can  be 
shortened  resulting  in  substantial  reduc- 
tion in  the  period  capital  investment  is 
in  a nonearning  status,  which  reduces  car- 
rying charges.  Nonproductive  time  of  man- 
hole guards  and  costs  of  guarding  open 
buried  splices  is  reduced.  These  are  addi- 
tional savings  which  can  be  calculated  for 
each  job.  Other  savings  which  are  harder 
to  quantify  are:  fewer  capital  tools  re- 
quired, less  lost  time  due  to  restricted 
work  hours  in  busy  streets,  and  a reduc- 
tion in  overtime  and  borrowed  craft  per- 
sons to  cover  peak  loads. 


TABLE  I 


BREAK-EVEN  LABOR  RATE 


Cable  Size* 

Dollars/Hour 

600  - 22 

16.24 

1200  - 22 

14.07 

1800  - 24 

14.95 

2700  - 26 

15.33 

3600  - 26 

14.49 

*Pairs-Gauge 

Table  II  shows  corresponding  savings 
in  costs  and  time,  using  average  Bell  Sys- 
tem loaded  labor  rate  and  productivity 
for  conventional  splicing.  First  cost 
savings  range  from  7»  to  16%  and  labor 
hours  are  reduced  by  about  63  to  70%  for 
underground  splicing.  Labor  savings  are 
comparable  in  larger  aerial  and  buried 


Manufacturing 

CONECS  cables  are  now  connectorized 
in  all  Western  Electric  cable  factories 
and  sixteen  regional  service  centers. 

Most  large  orders  are  made  in  the  fac- 
tories. The  service  centers  can  respond 
more  rapidly  to  special  requests  and  rou- 
tine orders  for  stock  cable  and  apparatus. 
Interfaces,  load  coils,  apparatus  cases, 
stub  cables,  and  pressure  plugs  are  con- 
nectorized  in  a manner  similar  to  cable 
reels. 

CONECS  cables  are  fully  tested  be- 
fore shipping,  and  100%  good  pairs  are 
shipped  in  the  modules.  Sheath  ends  are 
prepared  for  the  closure  specified.  Com- 
pound is  removed  from  waterproof  cable 
ends,  which  eliminates  an  undesirable 
field  operation  and  improves  the  relia- 
bility of  encapsulated  splices. 

It  has  been  a manufacturing  challenge 
to  keep  up  with  the  enthusiastic  demand 
for  CONECS  with  a quality  product.  Growth 
has  been  especially  fast  in  underground 
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. 


cables  because  the  savings  there  are 
largest. 

CONECS  is  basically  foreign  to  normal 
cable  factory  operations  and  some  think  it 
should  not  be  part  of  a cable  factory.4 
Cable  manufacturing  is  a high  capital,  low 
labor  technology  and  CONECS  is  the  oppo- 
site. Different  quality  control  proce- 
dures and  sampling  are  required.  Much 
of  the  quality  of  cable  is  machine  con- 
trolled where  the  quality  of  CONECS  is 
labor  sensitive.  Connectorization  is 
further  complicated  by  the  many  options 
permitted  by  CONECS  - over  1500  permuta- 
tions for  each  type  of  cable.  The  type 
of  connector  chosen  (male/female,  etc.) 
on  which  wall  of  the  manhole  the  cable 
is  placed,  the  type  of  splice  (straight, 
branch,  etc.),  the  configuration  (in-line, 
fold-back,  etc.)  and  the  type  of  closure 
to  be  used  all  affect  the  measurements 
and  orientation  for  manufacturing. 
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Most  Bell  System  companies  are  now 
using  CONECS  for  all  types  of  plant. 
Nearly  any  splice  that  can  be  made  in 
the  field  can  be  ordered  as  a CONECS 
splice.  Our  experience  thus  far  indi- 
cates the  system  is  more  comprehensive 
and  complex  than  it  need  be.  The  next 
step  will  simplify  the  system  and  mecha- 
nize the  engineering  and  coding.  This 
will  have  a potential  for  reducing  codes 
and  errors  in  both  the  field  and  manu- 
facturing. A large  field  trial  of  a 
simplified  system  is  underway  in  one 
operating  company.  Results  should  be 
known  by  the  years'  end. 

Western  is  applying  more  technology 
to  mechanize  connectorization  which  will 
reduce  costs  and  put  more  machine  control 
in  quality. 


4.  0.  D.  McMahon,  1978,  USITA  Mid- 

Western  Telephone  Showcase,  Technical 
Seminar-^  " Preconnector ization  of  Cables 
and  Related  Equipment." 


CONECS  has  demonstrated  a potential 
for  providing  lower  cost,  higher  quality 
telephone  plant,  which  can  be  realized 
with  reasonable  management.  It  has  been 
accepted  more  enthusiastically  than  ex- 
pected. At  this  point,  we  can  expect 
upwards  of  75*  of  all  underground  cable 
reels  and  50%  of  all  buried  and  aerial 
cable  reels  will  be  candidates  for  con- 
nectorization in  the  future. 
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A NON-FLAME  PROPAGATING  TELEPHONE  CABLE  FOR  INDOOR  INSTALLATION 
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Abstract 


An  Inside  telephone  cable  has  been  developed  for 
use  In  high-rise  and  high  occupancy  buildings. 
This  cable  design,  which  utilizes  a continuously 
welded  and  corrugated  aluminum  sheath,  will  not 
propagate  a fire  even  after  the  aluminum  sheath 
and  the  conductor  Insulation  have  been  destroyed 
In  the  area  of  flame  Impingement. 


Introduction 

In  recent  years,  there  have  been  numerous  fires 
where  the  fire  was  carried  from  one  location  to 
another  by  electrical  cables  that  burned.  The 
TVA  Brown's  Ferry  Nuclear  Generating  Station,  the 
Telephone  Building  and  the  World  Trade  Center, 
both  In  Manhattan,  being  the  most  publicized 
cases. 

Power  and  control  cables  that  would  not  propagate 
a fire  had  been  developed  during  the  past  several 
years  and  were  readily  available.  Telephone 
cables,  however,  had  not  been  changed  and  the 
common  cables  used  for  Inside  wiring  were  still 
the  flanaable  constructions  that  would  emit  dense 
smoke  and  continue  to  burn  even  after  the  heat 
source  was  removed,  thus  transmitting  a fire  to 
other  locations.  These  undesirable  features  be- 
come even  more  threatening  when  the  cables  are  In- 
stalled above  false  ceilings  In  offices  where  that 
space  Is  also  used  for  the  air  return  to  the  air 
conditioning  system.  Burning  cables  can  Introduce 
dense  smoke  Into  the  air  system  and  Increase  the 
danger  to  personnel  both  directly  from  the  fumes 
and  Indirectly  through  reduced  visibility  and 
possible  panic. 

The  Okonlte  Co. , who  was  one  of  the  leaders  In 
the  development  of  non-propagating  power  and 
control  cables,  undertook  the  development  of  a 
flame-retardant,  non-propagating,  low  smoke  tele- 
phone cable  for  Inside  wiring. 

National  Electrical  Code 

Since  all  wiring  must  comply  with  the  National, 
Electrical  Code  (NEC),1  this  Standard  was  used  to 
provide  an  Initial  design  criteria.  Also,  the 
Intent  was  to  design  one  cable  that  would  be 
suitable  for  Installation  anywhere  In  a building 
regardless  of  location.  The  requirements  for 
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cables  Installed  In  ducts,  plenums,  and  other  air 
handling  spaces  are  more  restrictive  than  for 
cables  Installed  elsewhere  so  these  requirements 
established  the  minimum  design  criteria. 

Section  300-22  of  the  1978  NEC  specifies  the  wir- 
ing methods  permitted  to  be  used  In  ducts,  ple- 
nums, and  other  air  handling  spaces.  In  ducts  or 
plenums  used  for  environmental  air.  Type  MI 
mineral -Insulated  metal -sheathed  cable.  Type  MC 
(Metal-Clad)  cable  employing  a smooth  or  corru- 
gated Impervious  metallic  sheath,  electrical  me- 
tallic tubing,  flexible  metallic  tubing.  Interme- 
diate metal  conduit,  or  rigid  metal  conduit  are 
the  only  wiring  methods  permitted. 

In  other  spaces  used  for  environmental  air,  such 
as  the  space  above  false  ceilings  used  for  the  air 
return,  only  Type  MI  mineral-insulated  metal- 
sheathed  cable.  Type  MC  cable  and  Type  AC  cable 
commonly  referred  to  as  "BX",  are  permitted. 

Other  type  cables  and  conductors  must  be  Installed 
In  electrical  metallic  tubing.  Intermediate  metal 
conduit,  rigid  metal  conduit,  metal  surface  race- 
way with  metal  covers  where  accessible,  or  flexi- 
ble metal  conduit. 

The  final  design  criteria  was  to  provide  an  eco- 
nomical Installed  cost.  This  eliminated  the  use 
of  conduit  or  raceways  and  Indicated  a factory 
assembled  cable  would  be  the  answer. 

UL  Standards 

No  UL  Standard  exists  for  inside  telephone  cable 
or  communication  cables  under  Article  800  of  the 
1978  NEC.  The  closest  Standard  that  was  appli- 
cable was  UL  Subject  13  which  covers  Power-Limited 
Circuit  Cable  under  Article  725  of  the  1978  NEC. 

UL  elected  to  Include  the  Inside  telephone  cable 
with  Subject  132  and  due  to  the  application  and 
Intended  use  of  the  cable  type,  the  voltage  rat- 
ing of  300  Volts  was  eliminated.  The  cable  dis- 
cussed In  this  paper  Is  UL  Listed  as  Power-Limited 
Circuit  Cable  for  use  In  Class  2 circuits  which 
are  power  limited  as  defined  In  Section  725-31  of 
the  1978  NEC. 

Considerations  for  an  Optimum  Cable  Construction 

In  recent  years  a number  of  Improved  telephone 
cable  constructions  have  been  developed  for  Indoor 
use  which  offer  better  flame  resistance  character- 
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1 sties  than  conventional  PVC  Insulated  and  jack- 
eted cables?  The  possible  cable  constructions 
and  their  behavior  under  different  conditions  of 
exposure  to  fire  have  been  sumnarlzed  In  the  foL 
lowing  table. 


Local- 
ly con- 
fined 
medium 
heat 


Local- 
ly con- 
fined 
limited 
heat 


Cable  \ 
Construction 


Fig.l  CLX  Inside  Telephone  Cable 


source  source 


Conventional  PVC 
Slow-burning  PVC 
Slow-burning  PVC 
with  low  HC1 
emission 
C-L-X  cable 


The  final  cable  selected  to  comply  with  the  1978 
NEC  and  UL  13  consists  of  solid  bare  copper  con- 
ductors, sizes  0.205  and  0.324  mmz  (#24  and  22 
AWG).  The  conductors  are  Insulated  with  a flame- 
retardant  PVC,  color  coded  In  accordance  with 
telephone  Industry  standards.  The  Insulated  con- 
ductors are  twisted  Into  pairs  and  then  assembled 
Into  the  common  configurations  from  3 to  400  pairs 
A flame-retardant  PVC  jacket  Is  extruded  over  the 
core  and  a continuously  welded  and  corrugated 
aluminum  sheath  Is  applied  overall.  The  jacket 
under  the  metallic  sheath  permits  terminating  the 
sheath  at  a wall  or  enclosure  and  continuing  with 
the  jacketed  cable  to  the  Instrument  or  termina- 
tion point. 

While  the  sheath  can  be  applied  either  smooth  or 
corrugated,  the  corrugated  sheath  was  selected  to 
facilitate  Installation  since  the  corrugated 
sheath  Is  much  more  pliable  than  the  smooth  sheath 
The  aluminum  sheath  Is  Identical  in  every  respect 
to  that  used  on  Type  MC  power  and  control  cable. 
Also,  like  MC  cable,  the  aluminum  sheath  when  used 
with  approved  terminators,  may  be  used  as  the 
equipment  grounding  conductor  since  It  exceeds  the 
requirements  of  NEC  Table  250-95  In  all  sizes. 

This  feature  provides  a positive  equipment  ground 
between  all  Interconnected  equipment. 

The  aluminum  sheath  Is  applied  by  the  Kabelmetal 
process  In  which  a strip  of  metal  Is  continuously 
formed  Into  a tube  around  the  cable  core,  longi- 
tudinally welded  and  transversely  corrugated.  4 
The  corrugated  cable  has  excellent  crush  resis- 
tance, good  pliability  and  Is  Impervious  to  the 
Ingress  of  moisture.  In  most  Installations,  the 
cable  can  be  used  without  any  plastic  jacket  over 
the  metal  sheath  and.  In  fact.  It  Is  recommended 
that  ron-Jacketed  constructions  be  used  In  air 
ducts  or  plenums. 

In  addition  to  the  excellent  mechanical  properties 
of  the  C-L-X  cable,  It  offers  superior  electrical 
characteristics.  The  low  sheath  resistance  Is 
effective  — ‘'road  frequency  range.  This 
represert  *tant  advantage  for  all  hlgh- 

freque'  .ons,  particularly  for  digital 

appi4  -a  transmissions  carried  on  C-L-X 

ca‘  nearly  free  of  Interference  from  out- 

sit sources  which  can  lead  to  bit  errors.  Thus 
the  C-L-X  cable  provides  circuit  Integrity  which 
cannot  be  obtained  with  cables  without  a tubular 
metallic  sheath. 


Cable  damaged  at  point  of  exposure  to  flame 
Cable  damaged  and  propagates  flames 
Cable  emits  corrosive  smoke 


The  C-L-X  Inside  telephone  cable,  like  any  other 
cable,  will  be  destroyed  when  exposed  to  a major 
fire,  however.  It  will  not  propagate  the  fire  and 
offers  substantial  additional  advantages  when  the 
cable  Is  subjected  to  local  fires. 

While  the  potential  fire  hazard  of  Indoor  cable 
Installations  Is  widely  recognized,  existing  cable 
constructions  have  remained  unchanged  In  many  coun 
tries.  Instead,  the  efforts  to  contain  fire  dam- 
age have  been  directed  to  structural  measures. 

The  primary  approach  being  to  Install  fire-stops 
along  the  cable  ducts.  However,  when  structural 
changes  are  undertaken,  which  occurs  frequently  In 
high-rise  buildings,  these  fire  stops  are  often 
removed.  It  Is  under  these  circumstances,  partic- 
ularly when  welding  work  Is  being  done,  that  fires 
break  out.  Hence,  a conscientious  approach  to- 
wards Improving  the  fire  safety  of  a building  can- 
not limit  Itself  to  structural  measures.  It  Is 
essential  that  the  cable  Itself  be  made  fire- 
resistant  and  non-propagating.  The  C-L-X  Indoor 
telephone  cable  represents  such  a design.  It  will 
fall  at  the  point  of  prolonged  exposure  to  a mas- 
sive flame  or  fire  but  It  will  not  propagate  the 
fire.  Thus,  It  Is  only  necessary  to  splice  In  a 
new  cable  section  for  the  damaged  piece  and  normal 
service  can  be  restored  In  a short  time. 


In  recent  years,  several  new  cable  types  for  In- 
door communication  applications  have  been  propos- 
ed. The  Improvements  were  based  on  the  use  of 
new  resins  with  enhanced  fire  resistance.  However 
these  cables.  In  addition  to  being  more  costly, 
suffered  ona  major  draw-back,  namely,  when  ex- 
posed to  flame,  they  will  propagate  the  fire! 

Since  this  condition  Is  the  cause  of  many  spread- 
ing fires,  a new  cable  design  which  would  contain 
the  fire  to  the  Immediate  area  of  exposure  to 
flame  seemed  urgently  needed.  The  Okonlte  Company 
has  developed  such  a design  *. 

* U.S.  and  foreign  patents  pending. 


The  C-L-X  cable  offers  a level  of  protection 
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Fig. 2 Temperature  Distribution  Along  Metallic  Sheath 
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against  fires  which  heretofore  has  not  been  avail- 
able. The  cable  Is  Immune  to  a smoldering  fire. 
Exposure  to  small  or  medium-size  fires  does  not 
cause  any  damage  to  the  cable.  Only  when  exposed 
to  a major  fire  will  the  core  be  destroyed  In  the 
area  of  flame  Impingement.  However,  the  flames 
will  not  be  propagated  along  the  cable.  In  the 
case  of  a catastrophic  fire,  the  cable  will  of 
course,  be  destroyed. 

The  fire  protection  mechanism  can  be  explained  by 
the  good  thermal  conductivity  of  the  aluminum  C-L-X 
sheath.  If  the  cable  Is  exposed  to  a flame  of  low 
energy  or  short  duration,  then  the  thermal  energy 
Is  rapidly  distributed  along  the  aluminum  cable 
sheath  so  that  usually  no  damage  occurs  to  the 
cable  core  on  the  Inside. 

As  the  flame  temperature  or  the  duration  of  ex- 
posure Increases,  It  Is  possible  that  the  local 
temperature  will  exceed  the  decomposition  temper- 
ature of  the  Insulation  and  the  core  will  carbon- 
ize. With  excessively  large  amounts  of  thermal 
energy  the  C-L-X  can  be  destroyed  and  the  aluminum 
can  even  melt  away.  Yet,  the  burning  of  the  cable 
will  be  restricted  to  the  area  of  flame  Impingement 
because  the  very  effective  thermal  conductivity 
prevents  the  adjacent  cable  areas  from  maintaining 
the  decomposition  or  Ignition  temperature.  The 
aluminum  sheath,  so  long  as  It  Is  not  destroyed, 
prevents  air  access  to  the  cable  core.  Thus,  even 
under  adverse  circumstances  and  arrangement  of  the 
cables,  the  cables  can  only  burn  at  the  place  of 
the  fire  source  and  only  as  long  as  sufficient 
energy  Is  supplied  from  the  outside. 

Calculation  of  Heat  Transmission 

If  a metal  tube  Is  continuously  heated  at  a given 
point,  for  Instance  by  a gas  burner,  a stationary 
condition  for  the  temperature  distribution  along 
the  length  of  the  tube  will  exist. 

The  temperature  distribution  can  be  calculated 
with  the  following  formula: 

S.-U- 

whereby: 

■ temperature  at  point  x 

= ambient  temperature  (assumed  as  20°C) 

u * temperature  at  point  of  flame  exposure 

« * heat  transfer  coefficient 

M » tube  circumference 

A * thermal  conductivity  (material  constant) 

p * metal  cross-section 

X * distance  from  point  of  flame  exposure 

Using  this  equation,  the  temperature  distribution 
along  a tube  for  different  metals  and  wall  thick- 


nesses was  calculated.  As  shown  In  Figs. 2 and  3, 
the  thermal  conductivity  of  the  metal  and  the  wall 
thickness  of  the  tube  have  a decisive  Influence  on 
the  heat  distribution  along  the  tube.  It  Is  evi- 
dent that  the  amount  of  heat  carried  away  from  the 
point  of  the  flame  Impingement,  along  the  tube. 
Increases  with  higher  metal  conductivity  and 
greater  wall  thickness,  thus  drawing  more  heat 
from  the  area  of  flame  exposure.  In  cable  sheaths 
with  poor  heat  conductivity  the  temperature  at  the 
point  of  flame  Impingement  will  rise  rapidly,  even 
when  the  heat  source  Is  limited,  and  not  only  lead 
to  a destruction  of  the  cable  but  will  also  cause 
the  cable  section  to  burn. 

The  thermal  energy  absorbed  by  the  cable,  that  Is, 
the  energy  drained  away  from  the  area  of  flame  ex- 
posure, can  be  determined  by  Integrating  the  tem- 
perature distribution  along  the  cable  length  and 
multiplying  this  value  with  the  specific  heat 
capacity  of  the  cable  In  question.  The  capability 
of  absorbing  thermal  energy  represents  a relative 
measure  of  the  degree  of  fire  protection  provided 
by  different  cable  sheaths.  This  Is  Illustrated 
In  Fig. 4 whereby  the  effect  of  the  material  char- 
acteristics becomes  even  more  evident.  It  can 
also  be  recognized  by  the  flat  shape  of  the  curves 
that  Increasing  the  wall  thickness  provides  only  a 
marginal  improvement  in  heat  transfer  which  could 
not  be  economically  justified.  From  a practical 
point  of  view,  wall  thicknesses  on  the  order  of 
0.4  mn  (0.016  in.)  for  copper  and  0.8  mm  (0.032  In.) 
for  aluminum  represent  optimum  solutions.  For 
economic  reasons,  preference  Is  usually  given  to 
aluminum. 


Fig. 4 Temperature  Distribution  vs  Wall  Thickness 
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A confirmation  of  the  computation  Illustrated  In 
Figs. 2 and  3 can  be  readily  obtained  through  a 
simple  experiment,  simulating  a brazing  operation, 
whereby  tubes  of  different  metals  are  heated  with 
a brazing  torch.  Fig. 5 shows  the  calculated  and 
measured  values  for  the  temperature  distribution 
along  a steel  and  an  aluminum  tube  with  0.3  mm 
(0.012  In.)  and  0 6 am  (0.024  in.)  walls,  respec- 
tively. This  only  confirms  the  well  known  fact 
that  much  more  heat  Is  needed  to  braze  or  solder 
an  aluminum  pipe  than  a steel  pipe. 


Fig. 5 Temperature  Gradient  vs  Cable  Length 


Flame  Testing  Procedure 


The  criteria  used  to  determine  the  propagation 
qualities  of  the  cable  was  the  Vertical  Tray  Flame 
Test  as  defined  In  UL  Subject  13  and  IEEE  Standard 
383. 5 

Basically  the  flame  test  consists  of  placing  six 
lengths  of  12.7  m (0.5  Inch)  diameter  cable  In  a 
single  layer  In  « vertical  steel  cable  tray  with  a 
separation  of  one-half  the  cable  diameter  between 
adjacent  cables.  A ribbon-type  gas  burner  Is 
mounted  horizontally  behind  the  tray,  1.8  m (6  ft.) 
from  the  top  of  the  vertical  tray  and  76.3  urn 
(3  In.)  behind  the  tray.  The  burner  Is  adjusted 
to  provide  17640  kcal/h  (70,000  BTU/h)  and  then 
turned  on  for  20  minutes. 

The  cable  may  be  destroyed  In  the  area  of  flame 
Impingement,  but  It  shall  not  propagate  the  flame. 
Upon  removal  of  the  flame  after  20  minutes,  the 
cable  must  self-extlngulsh  and  there  shall  not  be 
any  damage  (blistering  or  charring)  to  the  In- 


sulated conductors,  the  lacket,  or  the  sheath  at 
the  top  of  the  tray,  which  Is  1.8  m (6  ft.)  above 
the  burner. 

Flame  Test  Results 

The  Initial  flame  tests  were  conducted  on  a tele- 
phone cable  consisting  of  25  pair  0.324  mm  2 
(#22  AWG)  with  polyethylene  Insulation  and  Jacket. 
The  lengths  of  cable  were  totally  engulfed  In 
flames  In  5 minutes  and  completely  consumed  In 
less  than  10  minutes. 

The  Identical  cable  was  then  enclosed  In  the  con- 
tinuously welded  and  corrugated  aluminum  sheath 
and  retested.  This  time,  the  cables  not  only  pass- 
ed the  test,  but  dramatically  limited  the  fire 
damage.  The  cables  were  consumed  In  the  Immediate 
vicinity  of  the  flame  source  but  there  was  no  dam- 
age to  the  Insulation  or  jacket  1.2  m (48  In.) 
above  the  flame  source.  This  test  clearly  proved 
the  effectiveness  of  the  aluminum  sheath  by 
changing  a highly  flaimable  cable  Into  a non- 
propagating cable. 

A standard  PVC  insulated  and  jacketed  Inside 
telephone  cable  was  tested  with  essentially  the 
same  results  as  the  polyethylene;  namely,  the 
cables  propagated  and  were  completely  destroyed 
In  less  than  10  minutes.  Again,  addition  of  the 
C-L-X  sheath  made  the  cable  non-propagating  and 
passed  the  test  satisfactorily. 

While  the  aluminum  sheath  alone  was  sufficient  to 
prevent  propagation  of  a fire  regardless  of  the 
core,  we  further  Improved  the  cable  by  changing 
the  Insulation  and  jacket  on  the  core  from  the 
flairmable  PVC  to  a non-propagating  PVC.  This 
construction  not  only  passed  the  17640  kcal/h 
(70,000  BTU/h)  test  discussed  above  but  It  also 
passed  a similar  test  using  a heat  source  of 
53,000  kcal/h  (210,000  BTU/h).  Actually  once  a 
cable  successfully  passes  the  17640  kcal/h  test. 

It  can  also  pass  any  test  using  a higher  heat  In- 
put, only  the  length  of  damage  to  the  cables  will 
change. 

Conclusion 


An  Inside  telephone  cable  Is  now  available  for  use 
In  conmerclal  buildings  and  occupancies  that  will 
provide  significantly  greater  fire  protection  than 
that  presently  available.  The  C-L-X  Inside  tele- 
phone cable  Is  UL  labeled  and  complies  with  the 
1978  National  Electrical  Code.  The  cable,  while 
designed  primarily  for  use  In  air  ducts,  plenums, 
or  other  air  handling  spaces,  may  also  be  used 
anywhere  else  In  the  building,  eliminating  any 
need  to  change  wiring  methods  for  different  loca- 
tions. 

The  C-L-X  cable  offers  ease  of  Installation  and 
provides  a much  more  economical  Installed  cost 
than  wire  or  cable  In  raceways. 

Finally,  use  of  this  cable  will  prevent  any  future 
occurrences  of  a localized  fire  being  transmitted 
throughout  the  building  by  the  communication  cables. 
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Abstract 

A thermal  gravimetric  analysis  Instrument  (TGA) 
and  a tube  furnace  we  re  used  to  pyrolyze  modi- 
fied polyvinyl  chloride  (PVC)  at  600°c.  The 
effluents  were  collected  In  dilute  cauetlc,  and 
both  effluent  and  residue  portions  were  analyzed 
for  chloride  by  titration  with  silver  Ion  using 
a modified  Volhard  method.  The  total  recovered 
chloride  was  determined  and  compared  to  the 
theoretical  chloride  values.  The  evolution  of 
chloride  at  low  temperatures  was  measured  using 
a thermostated  oven  that  was  equipped  to  contain 
multiple  specimens.  Inert  gas  carried  the 
evolved  chloride  through  gas  lsplngers  contain- 
ing dilute  caustic.  Analyses  were  made  with  a 
chloride  specific  Ion  electrode  using  sn 
AutoAnalyzar  system. 


analysis  (TGA)  was  used  to  pyrolyze  lrradlcated 
PVC  In  low  temperature  pyrolysis  studies7  and  to 
give  a measure  of  the  maximum  temperature  needed 
for  pyrolysis4, 5 '4'7.  Potentlometrlc  determi- 
nation of  hydrogen  chloride  released  during 
thermal  degradation  at  180°C  was  made*.  TGA 
pyrolysis  products  from  PVC  degradation  at  300°c 
were  examined  by  IR,  gas  chromotography  (GC), 
and  mass  spectrometry*.  None  of  these  methods 
or  other  literature  methods  were  concerned  with 
the  recovery  of  total  chloride  from  both 
effluent  and  residue  fractions. 
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Introduction 

As  polyvinyl  chloride  (PVC)  becomes  mors  popular 
as  s building  material,  electrical  Insulator  and 
general  replacement  for  Industrial  materials.  It 
becomes  more  Important  for  health  reasons  to 
reduce  the  amount  of  hydrogen  chloride  that  Is 
released  during  heating  or  pyrolysis.  This 
reduction  In  evolution  of  hydrogen  chloride  can 
be  achieved  by  the  addition  of  Ingredients  to 
retain  the  hydrogen  chloride  In  the  residue.  In 
order  to  determine  the  success  of  hydrogen 
chloride  retention,  reproducible  methods  were 
needed  for  heating  the  samples  under  carefully 
controlled  conditions  for  completely  pyrolyzlng 
the  PVC  while  analyzing  the  effluent  and  residue 
fractions  (from  the  pyrolysis)  for  chloride.  In 
this  way,  the  recovered  chloride  could  be 
compared  to  the  theoretical  amount  of  chloride 
In  the  original  sample. 

Many  techniques  have  been  used  to  measure 
hydrogen  chloride  evolution  from  PVC  and  other 
types  of  chlorinated  plastic  compounds.  A 
combination  of  laser,  Infrared  (IR),  and 
phototube  technology1  use  used  to  measure 
combined  hydrogen  chloride  and  smoke  evolution. 

A specific  Ion  electrode*’’  was  used  to  measure 
hydrogen  chloride  evolution  and  an  IR  gas 
analyser  to  measure  gases’  and  hydrocarbon  types 
from  PVC  pyrolysis.  Thermal  gravimetric 


1.  Preliminary  Work  Using  a Light  Transmittance 
Cell  and  Gas  Scrubbers. 

In  our  Initial  work  we  attempted  to  obtain  a 
variety  of  Information  from  a single  TGA 
(DuPont  Model  951)  pyrolysis  run  by  placing 
100  mg  of  the  experimental  PVC  sample  In  the 
pletlma  pan  attached  to  tbe  quartz  rod  and 
then  pyrolyzlng  the  sample  to  1150°C.  He 
recorded  the  weight  loss  vs  temperature 
curve  and  the  derivative  of  weight  loss  vs 
time  curve.  The  effluent  gas  (air)  from  the 
TGA  apparatus  was  passed  through  a S-cm  flow 
cell  contained  In  a Spectronlc  70  spectro- 
photometer to  measure  the  light  transmit- 
tance (6S0  nm)  vs  temperature.  Finally,  the 
gaa  was  scrubbed  by  passing  It  through 
dilute  caustic,  and  the  caustic  solution  was 
acidified  and  titrated  for  chloride  with 
silver  Ion.  Attempts  ware  also  made  to 
obtain  chloride  data  on  the  residue  portion 
from  pyrolysis.  Figure  1 shows  the  weight 
loss  and  percent  trapsmlttance  data  that 
were  obtained  for  an  experimental  PVC 
sample.  Uhlle  all  this  Information  Is 
Interesting,  we  could  not  obtain  the  total 
chloride  recovery  data  sought  on  the 
effluent  and  residue  portions.  A more 
efficient  gas  scrubber  arrangement  was 
needed  to  recover  products  for  chloride 
measurement. 
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FIGURE  2 


TGA  Apparatus  and  Gas  Collection  Assembly. 

A drawing  of  the  TGA  apparatus  for  pyrolysis 
of  experimental  PVC  compounds  is  shown  In 
Figure  2.  Either  air  or  nitrogen  purge  gas 
can  be  used.  Nitrogen  purge  gas  was  used 
.or  all  of  the  experiments  with  both  the  TGA 
and  tube  furnace  methods.  Nitrogen  gas  was 
chosen  since  pyrolysis  data  and  not  combus- 
tion data  were  desired.  It  has  been 
shown10'11  that  the  dehydrochlorlnatlon  of 
PVC  Is  essentially  a thermal  decomposition 
process  and  flaming  combustion  conditions 
are  not  required.  The  amount  of  hydrogen- 
chloride  released  depends  upon  the 
temperature  and  time  of  exposure.  This 
author10  has  further  shown  that  the  rate  of 
release  of  hydrogenchlorlde  from  PVC  la  much 
faster  with  air  than  with  nitrogen  and  Is 
greatly  Influenced  In  combustion  where 
oxygen  concentrations  may  vary  from  2 to  21 
percent.  Nitrogen  was  then  used  based  on 
these  and  other  criteria  In  order  to  provide 
uniform  thermal  pyrolysis  conditions. 
Selected  commercial  samples  were  run  using 
both  air  and  nitrogen  carrier  gas  for 
comparison.  All  results  obtained  using  the 
two  gases  were  Identical.  The  gas  Is 
metered  through  the  TGA  furnace  containing 
the  experimental  PVC  compound,  and  the 
evolved  chloride  (HC1)  Is  collected  with  a 
fritted  glaas  scrubber.  A three-way  valve 
with  ball  and  socket  Joint  connections  Is 
used  to  divert  the  flow  from  one  collector 
to  another.  The  Incoming  line  and  valve 
assembly  Is  heated  with  a heating  tape  to 
prevent  condensation  of  HC1 . This  arrange- 
ment provided  quantitative  collection  of  all 
degradation  products  for  subsequent 
analysis. 


3.  Testing  Procedure 

Approximately  0.5  g of  sample  Is  cut  Into 
ribbons  of  about  5 mm  square,  accurately 
weighed,  and  placed  In  a platinum  spoon 
shaped  to  the  Inner  contour  of  the  quartz 
heating  tube.  The  platinum  spoon  Is 
Inserted  7 cm  Into  the  quartz  heating  tube 
to  place  it  directly  under  the  thermocouple, 
and  the  quartz  tube  la  placed  In  the  TGA 
furnace.  A 20-mm  coarse  frit  Immersed  In  50 
nl  of  0. 2N  sodium  hydroxide  solution  Is 
connected  to  a three-way  valve  and  the  valve 
to  the  quartz  tube.  All  llnesoleadlng  to 
the  frit  are  maintained  at  250  C.  Nitrogen 
Is  passed  through  the  system  ag  50  ml/mln, 
andQthe  sample  Is  heated  at  50  C/mln  to 
600  C and  maintained  there  for  15  minutes. 
The  solution  used  to  trap  the  effluent  Is 
transferred  to  a beaker  and  the  residue  In 
the  heating  pan  Is  transferred  to  an 
Erlenmeyer  flask.  The  residue  Is  crushed, 
boiled  In  dilute  nitric  acid,  and  filtered* 
Both  effluent  and  residue  portions  sre 
titrated  with  silver  Ion  according  to  the 
modified  Volhard  method11  to  determine 
chloride  content.  The  method  consists  of 
adding  potassium  thiocyanate  and  ferric 
nitrate  solution  to  the  sample  containing  75 
mis  of  3M  nitric  acid.  Silver  nitrate  Is 
added  until  the  solution  turns  clear 
(absence  of  red  Ion  thiocyanate  color)  at 
the  end  point. 

Data  Obtained  by  the  Thermosravlmetrlc  Analyzer 
Method 

It  was  necessary  to  establish  the  maximum 
temperature  necesaary  for  pyrolysis  to  obtain 
the  maximum  chloride  evolved.  Table  1 contains 
chloride  data  on  effluent  fractions  for  Samples 
1,  2,  and  3 taken  In  the  temperature  range  of 
25°  to  600°c. 
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procedure  are  shown  In  Table  2.  Samples  1 
through  6 are  experimental  PVC  compound  samples. 
By  adding  certain  additives  we  were  able  to 
Increase  the  chloride  In  the  residue  from  only 
2.2SZ  for  Sample  1 to  12.84Z  for  Sample  6.  The 
agreement  between  total  recovered  chloride  and 
the  theoretical  value  ranged  from  0.03  to  1.50Z 
for  the  six  samples  with  an  average  deviation  of 
0.S2Z.  Sample  7 Is  a commercially  available3 , 
rigid  PVC  compound  said  to  have  a 40Z  calculated 
reduction  In  hydrogen  chloride  evolution.  We 
found  only  0.28Z  chloride  In  the  residue  after 
pyrolysis. 


Program  conditions  were  20°C/mln  to  200°C,  and 
then  10°C/mln  to  600°C.  Nine  effluent  fractions 
were  taken  on  Sample  1.  The  evolved  chloride 
was  27.14Z  In  the  250°-300°C  fraction  with  6. 28Z 
In  the  300°-360°C  fraction,  and  only  0.12Z 
chloride  was  found  In  fractions  from  400°-600°C. 
Two  repeat  runs  were  made  collecting  only  two 
fractions,  25°-400°c  and  400°-600°C.  The 
evolved  chloride  In  the  25°-400°  fraction  was 
>35Z  with  only  0.01Z  in  the  400°-600  c fraction. 


Tube  Furnace  Method  for  High  Temperature 


1.  Apparatus  for  Pyrolysis  of  PVC 


A Llndberg  tube  furnace  (Model  55035), 
capable  of  maintaining >1000°C  temperature 
was  purchased.  A quartz  furnace  tube,  a 
nylon  furnace  tube  attachment,  and  a quartz 
ladle  with  magnet  were  fabricated.  Figure  3 
shows  a drawing  of  the  assembled  apparatus 
complete  with  two  lmplngers.  A drawing  of 
the  furnace  tube  assembly  Is  shown  In  Figure 


Samples  2 and  3 were  both  analyzed  In  duplicate. 
In  the  first  analysis  of  each  sample,  fractions 
were  taken  from  25-360,  360-400,  and  400°-600°C. 
In  the  second  analysis  of  each  sample,  fractions 
were  taken  from  25-400  and  400°-600°C  and  the 
results  were  compared.  Significant  chloride 
C>5Z  of  the  total  evolved)  was  found  In  the 
400°-600°C  fractions. 


The  residues  from  these  three  samples  were  then 
analyzed  for  chloride.  Table  2 Includes  the 
total  recovered  chloride  and  the  theoretical 
chloride  values  for  these  samples.  The  data 
show  that  most  of  the  chloride  was  recovered, 
although  many  fractions  were  taken  and  analyzed 


2.  Sample  Pyrolysis  Procedure 

Two  gsa  lmplngers  containing  0>2M  sodium 
hydroxide  solution  are  connected  In  series 
to  the  furnace  tube  that  Is  heated  at  600°C. 
The  experimental  PVC  sample  (»«0.5  g accu- 
rately weighed)  Is  placed  on  the  platinum 
foil  In  the  ladle  and  covered  with  platinum 
foil.  The  ladle  la  placed  In  the  cool  zone 
and  nitrogen  flow  started.  When  the  air  la 
purged,  the  ladle  la  pushed  Into  the  furnace 
cone,  and  the  sample  Is  maintained  there  for 
20  minutes.  The  effluent  from  the  two 
lmplngers  is  transferred  to  a beaker  and 
acidified*  The  residue  la  transferred  to  an 
Erlenmeyer  flask,  crushed,  boiled  In  dilute 
nitric  acid,  and  filtered.  Both  effluent 
and  residue  portions  are  titrated  with 
sliver  ion  according  to  the  modified  Volhard 
method  11  to  determine  chloride  content  as 
previously  described. 


Data  Obtained  by  the  Tube  Purnace  Method 

The  glass  frit  (Immersed  In  dilute  caustic) 
previously  used  to  scrub  the  effluent  gas  by  the 
TGA  method  could  not  be  used  with  the  tube 
furnace  method  because  It  was  plugged  with  oil 
and  carbon.  Both  cyanide  and  gas  lmplnger 
collectors  were  Investigated  for  collecting  the 
chloride  effluent.  Drawings  of  the  three  types 
of  collectors  used  are  shown  in  Figure  5. 


COLLECTOR  TYPES  USED  TO  TRAP  EVOLVED  HCL 
FIGURE  S 


chloride  found  In  the  effluent  fractions  from 
Samples  7 and  8 was  34.92  and  35.09Z  respec- 
tively, using  the  cyanide  collectors,  and  35.07 
and  35.32Z  respectively,  using  dual  gas  lmplnger 
collectors.  From  0.31  to  0.44Z  chloride  was 
recovered  with  the  second  lmplnger  showing  that 
at  least  two  lmplngers  are  needed  for  total 
recovery.  Chloride  In  the  residue  from  five 
runs  on  the  No.  7 sample  ranged  from  0.28  to 
0.41Z.  The  chloride  ranged  from  0.31  to  0.44Z 
In  the  residue  of  Sample  8 for  four  runs.  The 
total  chloride  (effluent  and  residue)  recovered 
from  pyrolysis  of  both  samples  Is  essentially 
the  same  and  within  experimental  error.  The 
cyanide  and  gas  lmplnger  scrubbers  are 
comparable  In  collection  efficiency  of  chloride. 


TABLE  3 

COMPARATIVE  DATA  FOR  COLLECTION  OF  CHLORIDE 
FROM  THE  PYROLYSIS  EFFLUENT 
OF  COMMERICALLY  AVAILABLE  COMPOUND  SAMPLES 
OBTAINED  W I TH  TUBE  FURNACE 


PERCENT  CHLORIOC 


35  J5 

34  48 
A.q  34  0? 

34  31 

34  M 
34  94 
Avg  34  >4 
34  13 
3b  4b 
A»g  16  09 

36  1? 
34  88 

A.q  34  90 


0 31 
0 3b 
0 33 


040 
0 44 
0 4? 


0 30 
0 33 
03? 

0?8 
041 
Q 3b 
0 38 

0 44 

0 43 

0 44 

031 
0 43 
0 37 


3666 

34  81 

36  23 
34  69 
36  27 
3669 
36  48 
36  16 
36  8f 
36  S3 
3683 
36  66 
3669 


type  CWuaml  CoHectos 


Table  4 shows  data  obtained  on  experimental  PVC 
Samples  4,  5,  and  6 using  two  gas  lmplngers* 

From  two  to  four  analyses  were  made  on  each 
sample*  The  deviation  from  theory  ranged  from 
0.02  to  0*67Z  for  the  average  analyses  of  these 
samples.  The  data  also  show  that  the  second  gas 
lmplnger  Is  necessary  to  recover  all  of  the 
evolved  chloride* 


TABLE  4 


PVC  PYROLYSIS  OBTAINED  USING  A TUBE  FURNACE 
AT  600  C AND  COLLECTING  THE  EFFLUENT  GAS 
WITH  TWO  GAS  IMPINGE RS 


5 


6 


PERCENT  CHI OR IOI 
EFFLUENT 

1 ? RbbkIub 

72  96  0 38  14  74 

??  96  0 38  14  30 

Avq  ??  96  0 38  14  4 7 


T*t*l 
38  08 

37  S3 
3781 


?4  19 

?3  1 

A.q  23  78 


0 33 
0 4' 
0 46 
0 43 


1336 
13  9? 
1?  76 
13  31 


3768 
37  36 

36  85 
36  84 


??  78  0 49  14  66  37  83 

23  08  0 30  14  01  37  39 


Ay,  . 93 


0 40  14  16  37  68 


37  83 


37  83 


Sample  7,  the  commercially  available,  rigid  PVC 
sample,  along  with  a similar  companion  sample 
(Sample  8),  was  aelectad  to  determine  the 
preferred  type  of  collector  to  be  used  under 
these  rapid  pyrolysis  conditions.  Table  3 
summarizes  the  chloride  data  obtained  on  Samples 
7 and  8.  The  volatile  chloride  wee  collected 
uelng  a cyanide  collector,  a gas  lmplnger,  or 
two  gas  lmplngare  connected  In  aeries  containing 
0.2N  sodium  hydroxide  solution.  The  total 


Comparative  Pyrolysis  Pete  Obtained  by  TGA  end 
Tube  Airnace  Methods 

Three  experimental  PVC  compounds  (Samples,  4,  S, 
and  6)  were  pyrolysed  by  the  TGA  and  tube  fur- 
nace methods.  Comparative  data  for  chloride 
found  In  the  effluent  and  residua  fractions  are 
shown  In  Table  S.  Also  Included  la  the  total 
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chloride  obtained  by  each  aethod  and  Che  theo- 
retical valua  for  each  sample ■ The  deviation 
fro*  theory  for  total  chlorlda  ranged  froa  0.02 
to  0.67X  and  0.23  to  0.97X  by  the  tube  furnace 
and  TGA  aethoda,  respectively.  The  chloride  was 
1.55  and  4.89X  higher  in  the  effluent  fraction 
and  1.51  to  3.25X  lower  In  the  residue  fraction 
by  the  TGA  nethod  as  coapared  to  the  tube 
furnace  nethod.  The  teaperature  of  both 
furnaces  ass  600°C  + 10°C  as  determined  using  a 
potent lone ter.  The  higher  percentage  of 
chloride  in  the  pyrolysis  residue  froa  the  tube 
furnace  aethod  Is  probably  related  to  the  rapid 
pyrolysis  with  this  aethod.  Surface  contact  of 
the  evolved  chloride  with  the  chloride  scavenger 
could  Increase  due  to  rapid  swelling  of  the 
sample  when  inserted  Into  the  hot  furnace. 

TABLE  s 

COSBPARATIVE  PYROLYSIS  OAT  A 
FOR  t XF* REMENTAL  FVC  COMPOUND  SAMPL  E S 
FOR  TUBE  FURNACE  AND  TOA  MCTHOOS 


2.  Measurement  Procedure 

About  50  g of  sample  are  accurately  weighed, 
placed  In  a cell,  and  sealed.  In  order  for 
samples  to  be  directly  coapared,  they  must 
have  comparable  surface  areas.  The  all 
glass  lines  and  cells  are  connected  and 
placed  In  the  oven,  the  nitrogen  sweep  gas 
Is  turned  on,  and  the  oven  is  equilibrated 
at  the  desired  temperature.  Dilute  sodium 
hydroxide  solution  0*0. 01N)  is  added  to  the 
gas  laplngers  and  then  connected  to  the 
cells.  The  lmplngers  are  removed  and 
replaced  with  fresh  scrubber  solution  at  24- 
hour  intervals,  until  three  samples  have 
been  collected  from  each  PVC  sample.  The 
process  Is  repeated  until  each  temperature 
of  Interest  has  been  examined.  The  scrubber 
solutions  are  analyzed  with  an  AutoAnalyzer 
system  using  a chloride  specific  Ion 
electrode  as  the  detector. 


FfMCINT  CHlONlOf 

IMlUfMT  MSIOIM  TOTAL 

Urs*«  Tube  TOA  Tubs  TOA  Tubs  TOA  TUmmey 

4 2334  3496  1*47  1)U  37  91  37  50  3)83 

i 74  21  29  I 1296  9 71  37  16  1880  3783 

6 73  33  74  (8  14  3b  17  M 3 7 08  37  )7  32  97 


1*  Apparatus 


A laboratory  oven  (Precision  Scientific, 

Cat*  No.  1077),  was  equipped  with  a temper-* 
ature  controller  capable  of  maintaining 
±0.5°  at  90,  105,  and  130°C.  Four  cells, 
each  15  cm  long  x 40  mm  ID  were  fabricated 
from  both  members  of  a No.  40  glass  joint. 
Each  cell  wms  sealed  with  0-rlngs  and  U- 
c lamps.  Four  flow  controllers  controlled 
the  nitrogen  purge  gas  at  100  ml/mln  through 
each  cell.  Glass  lines  connected  the  cells 
to  four  gas  lmplnger  scrubbers,  one  of  which 
was  connected  to  each  cell.  A drawing  of 
the  apparatua  Is  shown  In  Figure  6. 


Data  Obtained  by  Low  Temperature  Oven 
Methods 


Four  samples  of  compounded  PVC  were  tested 
with  the  oven  apparatus.  Thirty-six 
fractions  were  collected,  three  for  each 
sample  at  90,  105,  and  130°C.  Table  6 
contains  the  data  for  the  four  samples 
tested. 


CHLORIOE  ION  EVOLVED  FROM  THREE  DAY  OVEN  TEST 
FROM  EXPERIMENTAL  PVC  COMPOUND  SAMPLES 


.,  a ',  SAMPLE  74  HOURS 


0 49 
0S7 
0 IB 
2 77 


oos 
0 17 

0 7? 

1 70 


0 27 
0.20 
041 


107 
1 58 

4 37 
9 97 


094 

7 07 
3 67 

9 74 


743 
38  7 
45  7 

945 


In  the  90°C  test,  an  average  of  0.22,  0.26, 
0.41,  and  1.76  *ig  Cl~/g  sample/24  hours  was 
evolved  for  Samples  A,  -B,  -C,  and  -D, 
respectively.  The  chloride  Ion  decreased 
with  time  Indicating  the  elimination  of 
entrapped  chloride. 


The  105°C  test  produced  an  average  of  1.06, 
1.84,  3.76,  and  9.48  Mg  Cl”/g  sample/24 
hours  for  Samples  A,  -B,  -C,  and  -D, 
respectively.  No  particular  trend  in 
chloride  Ion  content  over  tha  3-day  test 
period  was  found. 


In  the  130°C  teat,  the  evolved  chloride  Ion 
Increased  significantly  over  that  obtained 
from  the  105°C  test  and  Increased  for 


4 - 


' 
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Samples  A,  -B,  and  -C  from  day  l to  day  3. 
Sample  D showed  the  reverse  trend.  An 
average  of  24.3,  38.2,  45.2,  and  94.5  pg 
Cl~/g  sample/24  hours  was  evolved  for 
Samples  A,  -B,  -C,  and  -D,  respectively. 
The  data  are  shown  In  histogram  form  In 
Figure  7. 


TMNEE  DAY  INTEAVALS  AT  EACH  INDICATED  TEMACAATUNC 
(•Cl 

FIGURE  T 


Summary 

Data  presented  In  this  paper  demonstrate 
that  various  types  of  PVC  compounds  can  be 
reproduclbly  pyrolysed  by  either  TGA  or  tube 
furnace  techniques.  Data  obtained  by  either 
TGA  or  tube  furnace  methods  are  comparable. 
Equipment  costs  for  the  two  methods  are 
about  $20,000  and<  $1,000  respectively. 
Appropriate  collectors  are  described  for 
collecting  the  evolved  chloride.  The 
modified  Volhard  titration  method  Is  used  to 
analyse  the  effluent  and  residue  frsctlons 
for  chloride.  Recovery  of  totsl  chloride  In 
both  fractions  Is  In  all  cases  comparsble  to 
the  theoretlcsl  chloride  present.  An  oven 
test  method  was  devised  for  simultaneous 
evolution  of  chloride  from  multiple  PVC 
compound  specimens  st  vsrylng  low 
temperatures.  This  test  Is  sensitive  and 
reproducable.  It  allows  for  the  analysis 


for  chloride  at  less  than  1 ppm  and  can  be 
used  to  simultaneously  compare  several  PVC 
compound  specimens  for  relative  hydrogen- 
chloride  evolution  at  preselected 
temperatures. 
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ABSTRACT 

PVC  is  an  Inherently  flame  retarded 
polymer  by  virtue  of  the  halogen  In  its  molec- 
ular structure.  A useful  finished  compound  Is 
achieved  by  adding  other  Ingredients  such  as 
stabilizers,  plasticizers,  and  the  like.  These 
additives  are  capable  of  altering  PVC  combusti- 
bility performance. 

Rigid  PVC  has  excellent  flammability 
properties  and  flame  retardants  are  generally 
not  required.  The  addition  of  flame  retardant 
additives  helps  to  reestablish  combustion 
properties  reduced  by  the  addition  of  plasti- 
cizers which  Is  necessary  to  achieve  flexible 
PVC  compounds.  As  a result,  the  PVC  industry  is 
a major  consumer  of  fire  retardant  additives. 
Judicious  choices  have  to  be  made  employing  fire 
retardant  additives  that  will  not  only  give  good 
flame  suppression  but  also  provide  low  smoke  and 
inhibit  toxic  gas  formation. 


Fires  have  occurred  since  the  begin- 
ning of  time.  Man  has  learned  that  It  can  be 
both  friend  and  foe.  Moderating  Its  adverse 
characteristics  Is  the  task  before  us.  Con- 
trolling flammability,  smoke,  and  degradation  of 
products  and  materials  is  the  key  to  acceptance 
and  wider  use  of  our  products  In  an  ever- 
demanding  environment  where  safety  and  life 
hazard  have  become  paramount  Issues.  Hazards 
due  to  fire  are  complex  phenomena  and  the 
combined  effect  of  many  factors.  The  major 
factors  causing  death  or  serious  Incapacity  of 
persons  are  compiled  on  Table  1. 

Studies  of  full-scale  fires  In  recent 
years  have  defined  the  major  source  of  danger  to 
Imperiled  personnel  as  not  being  the  flame  but 
rather  the  by-products  of  combustion:  toxic 
gases,  oxygen  depletion,  superheated  atmosphere, 
and  the  psychological  and  physiological  effects 
of  smoke.  Perhaps  the  most  Important  factor 
affecting  life  and  property  In  a building  fire 
Is  smoke.'  It  can  damage  property,  prevent  easy 
exit  of  occupants,  and  cause  injury  or  even 
death  by  Inhalation.  An  Inverse  relationship 
between  flammability  and  smoke  generation  Is 


known  to  exist  for  most  materials,  and  as  Feder- 
al regulations  begin  to  stipulate  the  wider  use 
of  flame-retardant  materials,  smoke  generation 
will  become  one  of  the  major  problems  In  the 
area  of  flammability. 

A simplified  model  for  the  combustion 
of  polymeric  materials  can  be  described  as  fol- 
lows (Table  II): 

1.  Ignition.  A heat  source  causes  the  material 
temperature  to  rise  until  phase  and  chemical 
changes  occur. 

2.  Fire  Growth.  Fuel  gases  thus  generated  mix 
with  ambient  air  in  the  surrounding  environment 
and  support  combustion. 

3.  Burning  Intensity.  Sustained  burning  re- 
sults from  the  establishment  of  a balance  of  the 
mass  flux  of  fuel  gases  outward  to  the  diffusion 
flame  and  the  radiant  heat  flux  from  the  flame 
back  to  the  pyrolyzlng  surface. 

4.  Generation  of  Smoke  and  Toxic  Components. 
Pyrolytic  degradation  and  decomposition  of  the 
flammable  substrate  promote  evolution  of  smoke 
and  toxic  gases. 

5.  Extinction-Suppression.  Cessation  due  to 
Introduction  of  suppression  from  an  outside 
source  or  formation  of  products  that  create  an 
atmosphere  that  will  not  support  combustion. 

Since  1965  there  has  been  a general 
upsurge  of  Interest  in  fire  retardance  and  fire- 
retardant  polymeric  materials.  This  growth  Is 
Indicated  by  the  data  found  In  Table  III.  It 
appears  to  be  on  target,  as  1978  data  Indicate 
sales  of  610  Mlbs.*  Industry's  long-range 
Interests  require  the  achievement  of  products 
that  are  more  fire-resistant  and  yield  lower 
smoke  and  toxic  gas  levels  when  Involved  In 
fires. 

Some  of  the  unique  properties  of  PVC 
make  It  an  excellent  material  for  use  In  today's 
demanding  environment.  PVC  Is  an  Inherently 
flame-retarded  polymer  by  virtue  of  the  halogen 
(chlorine)  In  Its  molecular  structure.  By 
Itself,  PVC  polymer  Is  virtually  useless.  A 
useful  finished  compound  la  achieved  by  adding 
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other  ingredients  such  as  stabilizers, 
plasticizers,  and  the  like.  These  Ingredients 
are  capable  of  altering  PVC  combustibility 
performance.  Rigid  PVC  has  excellent 
flammability  properties,  and  flame  retardants 
are  generally  not  required.  On  the  other  hand, 
addition  of  flame-retardant  additives  helps  to 
reestablish  combustion  properties  reduced  by  the 
addition  of  plasticizer  which  is  necessary  to 
achieve  flexible  PVC  compounds.  As  a result, 
the  PVC  Industry  is  a major  consumer  of  fire- 
retardant  additives. 

Today  X want  to  overview  for  you  our 
key  considerations  when  formulating  flexible  PVC 
for  Improved  flame  retardancy.  Additionally,  I 
want  to  highlight  the  trend  we  see  toward  legis- 
lation directed  at  reducing  smoke  and  toxic 
combustion  gases  and  how  this  not  only  affects 
PVC  but  many  other  polymer  systems  as  well. 

This  versatile  polymer  PVC  has  found 
extensive  application  in  plumbing  pipe,  electri- 
cal conduit,  wire  and  cable,  flooring, 
furniture,  profile,  wall  coverings,  house 
siding,  houseware,  phonograph  records,  and  ap- 
pliances. And,  of  course,  most  building  wire, 
with  the  approval  of  recognized  electrical  code 
authorities,  is  vinyl-insulated  and  vinyl- 
jacketed  . 

To  date,  more  than  1,500  communities 
have  approved  PVC  pipe  for  home  construction. 
More  than  50,000  miles  of  vinyl  plumbing  pipe 
have  been  Installed  and  are  giving  excellent 
performance  in  homes  of  America,  Conserva- 
tively, it  is  estimated  that  more  than  2 billion 
feet  of  PVC  electrical  conduit  and  more  than  50 
billion  conductor  feet  of  PVC  insulated  building 
wire  have  been  installed  during  the  last  20 
years.  United  States'  usage  of  PVC  is  projected 
to  Increase  from  2300  thousand  metric  tons  in 
1977  to  2500  thousand  metric  tons  in  1978. 

Despite  an  excellent  history  of  prod- 
uct performance  and  safety,  more  stringent 
standards  are  being  demanded  for  applications 
where  this  and  other  polymers  are  used.  PVC 
will  remain  a factor  because  of  a number  of 
desirable  combustibility  characteristics  includ- 
ing low  flame  spread,  relatively  high  ignition 
resistance,  low  fuel  load  contribution  (about  87 
percent  that  of  wood),  slow  burning,  lack  of 
flaming  drips,  and  the  necessity  of  high 
external  heat  to  maintain  combustion. 

To  prevent  any  misunderstandings,  1 
want  to  say  that  my  use  of  the  term  "flame- 
retarded,"  or  similar  terms,  does  not  mean  that 
PVC  will  not  burn.  PVC,  like  all  organic  mate- 
rials, will  burn,  given  a large  enough  heat 
source.  Because  a halogen  is  part  of  its  molec- 
ular structure,  PVC  maintains  a high  level  of 
flammability  performance.  Chlorine  constitutes 
about  57  percent  of  its  molecular  structure. 
Compounds  containing  chlorine  and  other  halogens 
are,  of  course,  effective  additive  type  fire 
retardants  for  plastics.  PVC  is  Just  that — a 


halogen-rich  organic  material.  So,  not 
surprisingly,  PVC  is  used  to  improve 
flammability  performance  of  other  polymers  such 
as  ABS. 

Various  thermal  degradation  stud- 
ies’ * * ‘have  shown  that  PVC  decomposes  in  a 
number  of  steps  into  carbon  monoxide,  carbon 
dioxide,  and  hydrogen  chloride  as  the  major  com- 
bustion gases  and  minor  amounts  of  a complex 
mixture  of  aliphatic,  oleflnic,  and  aromatic 
hydrocarbons,  primarily  benzene,  toluene,  ethyl- 
ene, and  naphthalene.  A quantitative  breakdown 
reveals  that  at  the  decomposition  temperatures 
studied  (280°C-600‘,C) , approximately  57  percent 
of  the  PVC  is  degraded  to  hydrogen  chloride,  38 
percent  to  various  low-  and  high-molecular- 
weight  hydrocarbons,  and  4 percent  to  a 
carbonaceous  ash.  The  presence  of  the  non- 
combustible  gas,  hydrogen  chloride,  and  the 
relatively  low  yield  of  organic  degradation 
products  provides  a reasonable  explanation  for 
the  low  flammability  level  of  rigid  PVC  and  its 
high  oxygen  index  (the  minimum  percentage  of 
oxygen  required  to  maintain  a standard  burning 
rate) . 

Fire  retardancy,  whether  inherent  or 
by  additive  chemicals,  can  have  undesirable 
effects,  notably  increased  smoke  due  to  incom- 
plete combustion  and  production  of  irritating  or 
toxic  combustion  gases.  Fire  researchers  are 
concerned  that  smoke  and  toxic  gases  inhibit  the 
ability  of  occupants  to  escape  a fire.  Thus  the 
emphasis  on  flame-retardant  additives  must 
Include  smoke  reduction  and  reduced  production 
of  toxic  gases,  along  with  lower  flame 
propagation. 

Some  have  criticized  PVC  for  toxic  gas 
production  during  combustion.  It  is  our  strong 
belief  that  other  polymer  systems  can  expect  the 
same  type  of  criticism  as  Increased  amounts  of 
smoke  and  gases  are  produced  as  a trade-off  for 
Improved  flame  retardancy.  It  should  be  under- 
stood that  most  combustion  products  from  the 
burning  of  any  organic  material  are  toxic.  The 
combustion  products  from  PVC  are  no  exception. 

A major  combustion  gas  of  PVC  is  CO;  another  is 
hydrogen  chloride,  HC1,  which,  unlike  the 
combustion  products  from  many  other  organic 
materials,  is  easily  detectable  by  odor.  It  is 
the  evolution  of  this  acid  gas  that  Inhibits  the 
burning  reaction  in  PVC. 

Flammability  and  smoke  problems  are 
Introduced  when  compounding  PVC.  Compounding 
additives,  notably  plasticizers,  are  used  to 
make  flexible  PVC  compounds  for  wire  and  cable 
insulation,  upholstery,  and  wall  covering. 
Plasticizers  are  combustible  and  alter  the 
combustibil ity  performance  of  PVC.  Ignition 
resistance  is  lowered  and  flame  spread  Increased 
by  these  modifiers.  Addition  of  flame- retard ant 
additives  helps  to  reestablish  combustion 
properties  altered  by  compounding.  Factors  to 
be  considered  when  designing  a compound  with 
improved  flame  retardance  are  cost  and  the 
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maintenance  of  physical  properties  of  the  poly- 
mer system.  Most  PVC  compounds  have  found  a 
position  in  the  marketplace  due  to  their  cost 
effectiveness.  Expensive  and  extensive 
modification  would  force  them  Into  an 
uneconomical  market  position.  The  key  In 
selecting  a flame-retardant  system  Is  not  only 
Its  effectiveness  at  low  cost  but  also  finding 
one  with  a minimum  effect  upon  processing, 
physical  properties,  and  aging. 

How  do  flame  retardants  or  other  addi- 
tives affect  these  properties?  Processing 
problems  can  occur  through  changes  In  flow  so 
the  finished  product  Is  not  formed  properly  dur- 
ing extrusion,  molding,  or  other  fabrication. 
Physical  property  problems  can  Include  reduced 
resistance  to  heat-distortion  or  deformation, 
loss  of  tensile,  modulus  or  tear  strengths,  low- 
ered elongation,  reduced  flexibility,  clarity, 
gloss,  and  oil  resistance.  The  normal  useful 
life  of  a product  can  be  reduced  considerably  by 
the  loss  of  certain  strength  characteristics. 
Volatilization  of  the  additive,  for  instance, 
may  cause  unacceptable  appearance  and  less 
flexibility.  In  the  markets  we  serve,  any 
significant  change  in  the  Inherent  properties  of 
the  products  usually  cannot  be  tolerated.  Thus 
we  must  be  careful  in  selecting  the  proper 
flame-retardant  system  suitable  for  each 
compound  and  Its  expected  use. 

About  20  percent  of  PVC  compounds  con- 
tain flame  retardants.'  Phosphate  esters, 
chlorinated  hydrocarbons,  antimony  oxide,  and 
boron  compounds  are  the  major  products  used  In 
PVC.  These  materials  In  1976  totaled  SO  million 
pounds  valued  at  AO  million  dollars,  accounting 
for  approximately  33  percent  of  the  volume  by 
weight  and  28.5  percent  by  dollar  volume  of  the 
total  flame-retardant  chemicals  used  In  plas- 
tics. The  growth  rate  for  flame  retardants  In 
PVC  compound  should  outstrip  the  projected 
growth  of  PVC  as  more  demands  are  made  for 
flame-retarded  polymer  systems.  As  more  regula- 
tions directed  at  reducing  smoke  and  toxic  gas 
emissions  are  promulgated.  It  Is  a certainty 
that  these  changes  will  be  forced  upon  the 
Industry. 

PVC  resin  may  be  compounded  with 
stabilizers,  pigments,  lubrlcsnts,  fillers,  and 
plasticizers  to  provide  a range  of  applied 
products  from  rigid  to  flexible,  from  clear 
transparent  to  opaque,  and  In  a complete  range  \ 
of  colors.  PVC  compounds  are  characterized  by 
excellent  resistance  to  the  deteriorating 
Influence  of  weather,  superior  electrical 
properties,  and  a low  order  of  flammability. 

On  a weight  basis,  plasticizer  Is  the 
most  Important  compounding  Ingredient  used  in 
making  flexible  PVC  compound.  For  the  most 
common  hardness  and  flexibility  requirements, 
plasticizer  levels  used  normally  are  In  the 
range  of  40  to  100  parts  by  weight  per  hundred 
parts  PVC  resin.  The  widest  used  plsstlclzers 
are  hlgh-bolllng  esters  of  dibasic  aliphatic  and 


aromatic  acids,  and  most  are  flammable.  Common 
primary  plasticizers  have  a flash  point  of  from 
around  200°C-315<IC  and  are  thus  combustible. 
Listed  on  Table  IV  are  flash  points  of  typical 
PVC  plasticizers. 

The  burning  characteristics  of  plasti- 
cized PVC  vary  according  to  the  type  and  amount 
of  plasticizer  and  other  combustible  materials 
In  the  formulation.  Once  the  plasticizer 
Ignites,  the  PVC  molecules  In  contact  with  the 
flame  front  decompose.  The  decomposition 
products  are  present  In  the  smoke  and  char. 

Our  problem  Is  to  flame  retard  the  PVC 
compound,  not  the  PVC  resin.  In  many  typical 
formulations,  the  amount  of  PVC  resin  Is  less 
than  50  percent  and  the  main  fuel  contributor  Is 
the  plasticizer.  Therefore,  the  combination  of 
a reduced  level  of  chlorine  plus  the  presence  of 
combustible  plasticizer  makes  the  compound  more 
susceptible  to  Ignition.  A typical  nonfire 
retarded  flexible  PVC  will  have  an  01  of  22-26 
percent.  At  this  oxygen  Index  level,  plasti- 
cized PVC  Is  still  less  combustible  than  many 
other  plastics.  Use  of  appropriate  flame 
retardants  plus  selection  of  other  Ingredients 
based  on  their  combustibility  characteristics 
allows  production  of  flexible  PVC  compounds  with 
01s  of  up  to  about  35  percent. 

The  most  commonly  used  flame-retardant 
additive  for  PVC  Is  antimony  trioxlde,  because 
it  acts  as  a synergist  with  the  chlorine  con- 
tained In  the  polymer.  Typically,  as  little  as 
2-5  parts  of  antimony  trioxlde  per  100  parts  of 
PVC  resin  give  excellent  results  in  compositions 
containing  up  to  50  parts  of  primary 
plasticizer,  such  as  dloctyl  phthalate. 

The  cost  of  vinyl  formulations  Is  usu- 
ally calculated  on  a volume  cost  basis,  since 
most  products  are  manufactured  to  meet  size 
rather  than  weight  specifications.  The  high 
specific  gravity  of  antimony  oxide  thus  magni- 
fies the  cost  consideration  In  compounding.  The 
plgmentlng  strength  of  antimony  oxide  precludes 
Its  use  In  clear  formulations,  and  It  adds  an 
additional  parameter  to  color-matching 
considerations  as  well. 

Some  of  these  disadvantages  of  anti- 
mony oxide  have  been  circumvented  through 
preparation  of  flame  retardants  In  which  anti- 
mony oxide  Is  coated  on  inert  carriers,  such  as 
silica.  One  proprietary  antimony  oxide  blend  is 
said  to  contain  25  percent  antimony  oxide,  to 
have  only  25  percent  of  the  tinting  strength  of 
pure  antimony  oxide,  and  to  have  a specific 
gravity  of  3.3  (vs  5. 3-5. 6 for  SbjO,).  A second 
Is  said  to  contain  50  percent  antimony  oxide. 

On  an  activity  basis  they  claim  to  Impart  equiv- 
alent flame  retarding  at  lower  antimony  levels 
than  pure  antimony  oxide. 

Next  to  antimony  oxide,  the  most  use- 
ful Inorganic  compounds  for  the  flame  retar- 
dation of  PVC  are  the  borates.  Crystalline 
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borohydrates , which  retain  their  water  of  hydra- 
tion to  480°  F - well  above  vinyl -processing 
temperatures  - can  be  used  with  lower  levels  of 
antimony  oxide  to  achieve  flame  retardancy. 

Data  generated  by  O'Hara9  shows  that  zinc 
borate,  though  relatively  Ineffectual  as  the 
sole  flre-retardlng  Ingredient,  Is  an  effective 
adjunct  In  formulations  containing  antimony 
oxide.  Molybdenum  compounds  are  being  actively 
promoted  as  flame  retardants  and  smoke 
suppressants  for  vinyl  compounds,  either  alone 
or  In  combination  with  antimony  oxide.  Another 
metallic  oxide  offered  Is  stannic  oxide  hydrate. 
Several  other  proprietary  metallic  additives  are 
on  the  market  or  in  various  levels  of  devel- 
opment. 

With  some  exceptions  "Inert"  fillers 
like  calcium  carbonate,  clay,  and  silica  contri- 
bute to  flame  retardancy  In  vinyl  by  simply 
diluting  the  organic  fraction  of  the  compound. 
Calcium  carbonate  In  some  cases  absorbs  part  of 
the  HC1  from  burning  PVC  without  lowering  the 
oxygen  Index, 

Aluminum  trihydrate  acts  In  both  the 
condensed  and  gas  phases  of  burning  PVC  to  aid 
In  flame  retardation.  In  the  condensed  phase. 

It  aids  In  the  development  of  a good  residual 
surface  char,  and  In  the  gas  phase.  It  acts  to 
dilute  and  cool  the  flame  by  virtue  of  the 
released  water  of  hydration. 

When  clarity  Is  a requirement,  one 
must  choose  from  one  of  three  classes  of  com- 
patible liquid  retardants:  the  phosphate 
plastic lzers , the  chlorinated  hydrocarbon 
extender  plasticizers,  or  any  of  various  plasti- 
cizing halogenated  organic  phosphates. 

Phosphorus  compounds  have  long  been 
used  as  flame  retardants,  and  they  are  thought 
to  act  by  directing  decomposition  toward  produc- 
tion of  less  hydrocarbon  fuel  and  more 
carbonaceous  char.  Chlorinated  paraffins  and 
aromatics  are  also  used.  These  normally  range 
from  40  to  70  percent  chlorine  content  and  are 
similar  In  flammability  properties  to  PVC  poly- 
mer, They  are  generally  classified  as  secondary 
plasticizers  since  they  can  migrate  to  the 
surface  when  used  at  concentrations  above  about 
30  percent  of  the  total  plasticizer  system. 

Some  adverse  color  properties  may  also  be 
encountered  when  using  chlorinated  paraffins  and 
aromatics. 

Halogenated  phosphate  esters  combine 
some  of  the  attributes  of  both  the  phosphate  and 
chlorinated-hydrocarbon  flame  retardants.  Part 
for  part,  they  reduce  flammability  more  than 
straight  alkyl  or  aryl  phosphates.  They  are, 
however,  more  expensive,  less  compatible,  and 
less  resistant  to  the  adverse  effects  of  heat 
and  light.  They  provide  the  vinyl  compounder 


with  a route  to  flame  retardation  that  requires 
minimum  modification. 

Key  considerations,  when  designing  a 
flexible  PVC  compound  for  Improved  flame  retar- 
dance,  include: 

Influence  of  the  additive  on  the  cost 
constraints  dictated  by  the  end  appli- 
cation. 

Ability  to  achieve  required  physical 
and  chemical  properties. 

And,  very  Important,  the  effect  the 
additive  will  have  on  smoke  generation 
and  toxic  gas  emission. 

Smoke  generation  and  toxic  gas  emis- 
sion are  serious  concerns.  Many,  If  not  most, 
regulations  In  existence  address  lgnitablllty. 
Flame  retardants  have  mainly  been  used, 
therefore,  to  upgrade  materials  by  making  them 
more  difficult  to  Ignite  and  reducing  flame 
spread.  These  mechanisms  are  listed  on  Table  V. 

We  know  that  fire-retardant  additives 
generally  alter  the  burning  characteristics  of  a 
polymer  in  such  a way  that  the  fire-retarded 
plastic  will  produce  more  smoke  when  burned  than 
Its  non-fire  retarded  counterpart.  This  is  be- 
cause the  fire-retardant  mechanism  inhibits 
flame,  resulting  In  Incomplete  combustion.  Thus 
the  positive  benefits  of  achieving  materials 
which  are  difficult  to  Ignite,  have  reduced 
flame  spread,  and  are  slow  burning  are 
threatened  by  the  concern  about  increased  smoke. 
Modified  PVC,  typical  of  many  flame-retarded 
plastics,  emits  considerable  smoke. 

There  Is  no  panacea  for  the  suppres- 
sion of  smoke  during  combustion;  a trade-off 
with  other  properties  is  always  present  when 
reduced  smoke  Is  desirable.  Commercially  avail- 
able additives  Include  certain  bimetallic 
Inorganics,  ferrocene,  and  molybdenum  and 
extended  molybdate  compounds.  These  may  be 
Incorporated  singly  or  In  combination  with  other 
compounds  to  achieve  the  desired  performance. 

Incomplete  combustion  may  also  lead  to 
increased  toxic  gas  formation.  During  combus- 
tion of  any  organic  material,  numerous  flammable 
and  nonflammable  combustion  products  may  be 
produced.  Howard  Emmons  writing  in  Scientific 
American.10  reported  that  analysis  revealed  the 
presence  of  some  175  different  organic  compounds 
In  the  combustion  products  from  wood,  the  most 
toxic  components  being  carbon  monoxide  and 
acrolein.  Complete  combustion  burns  off 
combustible  products,  reducing  the  number  and 
quantity  of  organic  compounds  or  gases  In  the 
fire  atmosphere.  Incomplete  combustion,  or 
smoldering  In  a "nonflaming"  mode,  maximizes 
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organic  off-gases.  In  a fire,  both  flaming  and 
nonflaming  conditions  invariably  exist 
simultaneously. 

Admittedly,  all  the  questions  on  the 
problems  of  flame  and  smoke  are  not  answered. 
Much  work  remains  to  be  done,  as  scientifically 
acceptable  test  methods  to  evaluate  the  hazards 
from  burning  materials  do  not  yet  exist.  Many 
reputable  scientists  in  industry,  government, 
and  academia  are  working  on  test  methodology. 

The  fact  that  few  smoke  and  combustion 
gas  regulations  for  burning  materials  exist 
should  not  be  interpreted  to  mean  that  there  is 
not  concern.  Rather,  it  is  indicative  of  the 
difficulty  in  developing  meaningful  test  proce- 
dures. Dr.  M.  M.  Birky  of  the  National  Bureau 
of  Standards 11  notes  that  investigations  in 
combustion  toxicity  require  studies  on 
"methodology  for  generating  the  products"  as 
well  as  "methodology  for  determining  the 
biological  response  elicited  from  exposure  to 
the  products." 

Approximately  fifteen  years  ago, 
building  code  administrators  began  writing 
provisions,  which  said,  in  effect,  that  plastics 
and  other  building  materials  are  approved  only 
if  their  combustion  products  are  no  more  toxic 
than  those  of  untreated  wood  burned  under 
similar  conditions.  For  a number  of  years, 
apparently,  code  officials  did  not  actively  seek 
such  information.  Gradually  the  situation 
changed.  Officials,  having  a responsibility  to 
enforce  the  code,  found  compliance  nearly 
Impossible  due  to  the  lack  of  a scientifically 
acceptable  means  of  evaluating  life  safety 
hazards  of  burning  materials.  In  an  effort  to 
standardize  a procedure,  the  International 
Conference  of  Building  Officials  (ICBO)  proposed 
a bioassay  test  for  cellular  plastics  used  in 
construction.  This  created  a strong  response 
from  industry,  government,  and  academia.  The 
National  Bureau  of  Standards  concurred  that  no 
suitable  method  then  existed  and  stepped  in  to 
assume  the  responsibility  of  developing  a 
standardized  test  which  ultimately  could  be  used 
for  building  code  regulations.  As  a result,  the 
"no  more  toxic  than  wood"  requirement  was 
dropped  from  the  ICBO  code.  However,  the 
requirement  still  appears  in  some  other  codes, 
and  industry  at  times  still  faces  a dilemma  in 
how  to  comply. 

NBS  is  diligently  working  to  develop  a 
combustion  toxicity  protocol,  or  test.  The 
intent  of  the  NBS  test  method  will  be  for 
screening  purposes  only  to  identify  unusually 
toxic  materials  and  not  to  rank  materials.  NBS 
issued  a draft  protocol  late  in  1977,  and 
assembled  an  advisory  group  from  Industry  and 
academia  to  critique,  revise,  and  finalize  the 
method.  It  can  be  expected  that  the  Bureau  of 
Standards  protocol,  when  finalized,  will  be 
incorporated  into  building  codes.  Other  groups. 


such  as  FAA,  are  also  working  on  toxicity  tests 
for  application  in  areas  other  than  building 
codes. 

Smoke  generation  regulations  already 
exist  to  varying  degrees.  The  three  major-model 
performance  building  codes  in  the  United  States, 
as  well  as  National  Fire  Protection  Associa- 
tion's Fire  and  Life  Safety  Code,  all  set  smoke 
generation  limits  for  interior  finish  materials 
based  on  the  ASTM  E-84  test.  Some  individual 
cities  expand  that  to  include  plastics  in  all 
construction  uses.  Other  tests,  including  the 
NBS  Smoke  Density  Chamber  and  the  Ohio  State 
Release  Rate  Apparatus,  are  being  evaluated  by 
ASTM,  and  these  devices  may  be  referenced  in 
future  codes. 

Another  test,  a modification  of  the 
Steiner  tunnel,  is  being  developed  by  Under- 
writers Laboratories  and  Bell  Laboratories  to 
evaluate  wire  and  cable.  This  test  may  be  used 
to  classify  cables  for  flame  spread  and  smoke 
for  the  National  Electrical  Code. 

The  Federal  Aviation  Administration  is 
also  active.  A few  years  ago,  FAA  proposed 
smoke  rules  for  aircraft  cabin  materials  based 
on  Smoke  Density  Chamber  testing.  Last  year, 

FAA  backed  off  on  their  proposal,  not  because 
they  do  not  want  it  but  because  they  believe 
that  the  risks  to  life  safety  posed  by  flame, 
smoke,  and  toxic  gases  in  an  actual  fire  are 
interrelated.  It  appears  that  FAA  will  move 
towards  a standard  integrating  these  three 
combustion  characteristics. 

We  see  «.  irend,  therefore,  toward 
legislation  directed  at  reducing  smoke  and  toxic 
combustion  gases.  The  current  thrust  in  fire 
circles  appears  to  be  more  towards  early  warning 
devices  (smoke  detectors),  prevention  (low 
ignition  properties),  and  control  (sprinkler 
systems) . 

For  PVC  the  technology  exists  to 
achieve  good  flame  retardance  characteristics  in 
most  product  applications.  Product  performance 
equals  or  surpasses  economically  competitive 
thermoplastics. 

The  trend  within  the  PVC  industry  will 
be  an  Increased  effort  to  produce  products  with 
reduced  smoke  and  toxic  combustion  gases  without 
seriously  affecting  other  performance  character- 
istics while  maintaining  competitive  economics 
in  the  process. 
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TABLE  IV 


Flash  Points  of  Some  Comaxm  Plasticizers  for  PVC 


TABLE  I 


Flash 

Point 


Major  Factors  Causing  Death  In  a Fire 


Plasticizer 


1.  Direct  consumption  by  fire 


Di-(2  ethyl  hexyl)  phtkalate  (DOP) 
Di-isodecyl  phthalate  (DIDP) 
Dl-trldecyl  phthalate  (DTDP) 
Di-lsooctyl  phthlate  (DIOP) 
Normal-octyl ,-decyl  phthalate  (N0DP) 
Dl-butyl  phthalate  (DBP) 

Dl-octyl  adipate  (D0A) 

Di-isodecyl  adipate  (DIDA) 
Di-lsooctyl  adipate  (DIOA) 

Di-octyl  sebacate  (DOZ) 

Trl-octyl  trlmellltate  (TOTM) 
Epoxldlzed  soya  oil  (ES0) 

Octyl  epoxy  tallate  (OET) 


3.  Oxygen  depletion 


4.  Presence  of  carbon  monoxide 


5.  Presence  of  toxic  gases 


6.  Presence  of  smoke 


7.  Development  of  fear,  shock,  and  panic 


8.  Secondary  fire  effects  (trauma,  fracture) 


**v>. 


TABLE  V 


Mechanisms  for  Flame  Retardation 

1.  Gas  phase  flame  inhibition  involving  fire- 
radical  chain  termination  by  action  of  halo- 
gen atoms. 

2.  Redirection  of  the  pyrolysis  reactors  to 
produce  char  instead  of  fuel  gases. 

3.  Coating  the  pyrolyzing  surface  with  residual 
material  with  reduced  volatility  and  with 
little  or  no  ability  to  support  combustion. 

A.  Dilution  of  the  flaming  region  with  non- 
combustible  gases;  melting  which  removes 
heat  from  the  pyrolyzing  surface  through 
dripping;  other  physical  effects. 

5.  Removal  of  heat  from  the  pyrolyzing  surface 
by  endothermic  decomposition  or  dehydra- 
tion of  additives. 
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ABSTRACT 

Cue  economic  procedure  which  is  followed  in  order 
to  improve  flame  retardant  properties  on  vinyl  com- 
pounds is  increasing  the  amount  of  fillers  such  as 
calcium  carbonate  and  aluminum  hydroxide.  Since 
these  larger  quantities  of  filler  are  detrimental, 
to  some  extent,  to  the  physical  characteristics  of 
the  compound,  we  have  explored  the  possibilities  of 
adding  silane  coupling  agents.  In  this  study  we 
present  the  various  results  which  the  addition  of 
these  agents  have  on  the  mechanical  properties, 
accelerated  aging,  and  melt  flow  of  non-rigid  PVC 
jacketing  compound  formulations  with  a high  propor- 
tion of  fillers. 


INTRODUCTION 

In  recent  years  we  have  seen  an  increased  emphasis 
on  studies  towards  optimizing  the  addition  of 
inorganic  fillers  in  IVC  fornulations  for  the  cable 
industry  in  order  to  meet  new  fire  regulations 
among  other  reasons.  These  new  formulations  must 
also  be  economically  feasible.  Thus  the  addition 
of  calciun  carbonate  (to  absorbe  the  acid  gases 
released  in  the  pyrolysis  or  combustion)  and  the 
alirniinun  hydroxide  (to  raise  the  value  of  the 
oxygen  index  limit) , are  becoming  common  practice 
in  proportions  which  reach  up  to  100  parts  per 
hundred  of  resin  (p.h.r.). 

However  the  addition  of  high  amounts  of  inorganic 
fillers  to  a polymeric  system  such  as  in  the  case 
of  non-rigid  PVC  compounds  does  demand  a readjust- 
ment of  its  components  in  order  to  avoid  deteriora- 
tion of  the  properties  in  the  compound  obtained; 
plus  a knowledge  of  the  filling  characteristics 
and  techniques  in  the  preparation  of  the  compound 
(for  example  by  means  of  adding  the  various 
components,  in  a pre-arranged  sequence  to  the 
industrial  mixer). 

The  component  readjustment  can  be  carried  out  by; 

1.  varying  the  resin/plasticizer  relationship 

2.  using  a new  polymer  in  the  mixture  as  an  addition- 
al plasticizer  or  as  an  "alley" 

3.  altering  the  particle  surface  of  the  filler  and/or 
polymer  at  the  interphase,  for  example,  by  means 
of  coup lino  agents  or  by 

4.  a combination  of  all  three. 

This  paper  shows  the  tests  which  have  been  carried 
out  on  the  possibilities  of  using  silane  coupling 
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agents  for  highly  filled  PVC  formulations  and  the 
results  which  have  been  obtained.  The  use  of 
calcium  carbonate  (conventional  particles  51  5 u)  is 
an  additional  incentive  due  to  its  availability  in 
the  Spanish  market. 


this  way  a bond  between  2 silicon  atoms  through 
the  oxygen  atcr.  (the  same  as  with  silicones).  This 
later  reaction  takes  place  under  elevated  tempera- 
tures which  results  in  a cross-linking  of  the  poly- 
mer (see  figure  2). 


MECHANISM  OF  COUPLING  FILLER  TO  POLYMER  BY  MEANS  OF 
SILANE  AGENTS 


Silane  coupling  agents  present  a dual  function  on 
which  its  bonding  capacity  between  the  polymeric 
phase  and  inorganic  fillers  is  based.  In  accord- 
ance with  scientific  literature,  one  can  interpret 
the  coupling  mechanism  by  means  of  hydrolysis  of  the 
silane  alkoxy  groups  to  form  hydroxilic  groups, 
after  which  there  is  condensation  of  one,  two  or 
even  three  of  these  groups  on  the  surface  of  the 
filler  used.  Figure  1 on  the  previous  page  shows 
a schematic  representation  of  the  coupling  agent 
ganma-aminopropyltriethoxysilane  undergoing 
hydrolysis  and  condensation. 

The  uncondensed  hydroxilic  groups  on  the  surface  of 
the  filler  can  later  interact  with  other  silane 
molecule  residuals,  adhering  to  the  same  filler 
particle  or  to  a different  filler,  thus  forming  in 


Mecjutiuim  oi  thi  pctymen.  cswuLink  through 
-the  coupling  ageni  bonded  to  the.  jillM. 


If  an  overdose  of  silane  agent  is  added  to  that 
required  to  form  a monomolecular  layer  around  the 
filler,  or  in  the  absence  of  this  filler,  an  after 
cross-linking  between  polymeric  chains  is  produced 
with  no  intervention  of  adhered  silane  groups  to 
the  filler  (see  figure  3). 

The  bond  between  the  aminopropylic  radical  of  the 
silane  molecule  and  the  polymer  chains  takes  place 
by  adding  amino  groups  to  conjugated  unsaturation 
formed  by  dehydrochlorination  when  PVC  decomposes 
at  molding  temperature  range. 


COMPOUND  FORMULATIONS  AND  TESTING  METHODS 

Ckir  aim,  as  previously  mentioned,  is  to  study  the 
influence  of  silane  coupling  agents  on  properties 
such  as  thermal  aging,  processability,  oxygen 
index  limit,  acid  gas  absortion,  and  volume  resis- 
tivity, when  these  agents  are  incorporated  as  bond- 
ing in  PVC  formulations  with  a high  percent  of 
mineral  fillers.  A non-filled  formulation  has  been 
used  as  a control  as  well  as  the  corresponding  ones 
filled  without  a coupling  agent.  The  silane  coup- 
ling agent  used  in  all  cases  has  been  ganina- 
aminopropyltriethoxysilane , (Silane  A-1100,  by 
Union  Carbide  Corp.)  at  a set  proportion  of  1.7 
parts  per  100  of  filler.  Tables  1 and  2 show  us 
the  formulations  used. 


ing  rolls  and  this  obtained  plastic  sheet  is  molded 
for  a period  of  five  minutes  at  180°C.  This  method 
is  not  used  in  cases  where  the  formulation  contains 
silane  as  will  later  be  explained.  The  temperature 
of  the  milling  rolls  was  155°C  for  formulations 
without  silane  and  125°-  130°C  on  those  with  silane. 

The  influence  of  a thourough  mixing  (stirring)  has 
been  noted  in  the  preparation  of  the  dry  mixture 
when  the  incorporation  of  the  filler  is  studied, 
but  unfortunately  we  do  not  have  a high  speed  mixer 
in  our  laboratory.  However,  this  work  is  compara- 
tive and  the  possible  influence  of  hand  mixing 
equipment  to  obtain  proper  filler  dispersion  should 
equally  affect  all  formulations. 


TABLE  1 

BASIC  FORMULATION 


PVC  Resin  (Suspension  process,  K value  67) 
Stabilizer  (871  Tribasic  lead  sulfate)  . . . 


Plasticizers:  DOP  (DI-ISO  OCTVL  PHTHALATE,  DIELECTRIC) 
CHLORINATED  PARAFFIN  (521  Cl)  


Antimony  Oxide  

Fillers:  Calcium  carbonate  (Medium  particle  size  ii) 

Hydrated  alumina  (medium  particle  size  6u) 


Lubricants: 


Polyethylene  waxes. 
Glycerol  esters 


Silane  Coupling  agent 


TABLE  2 

VARIABLE  COMPONENTS 


As  specified  in  table  2 
Id. 


As  specified  in  table  2 
Id. 


As  specified  in  table  2 


-ATION  No. 

DOP 

CHLORINATED 

PARAFFIN 

CO,  Ca 

A1(0H)  , 

COUPLING  AGENT 

1 

35 

10 

_ 

. 

_ 

2 

35 

10 

60 

- 

- 

3 

35 

10 

60 

- 

1.7  p.h.f . (Method  1) 

4 

35 

10 

120 

- 

- 

5 

35 

10 

1 20** 

- 

- 

6 

35 

10 

120 

- 

1.7  p.h.f.  (Method  1) 

7 

35 

10 

120 

- 

1.7  p.h.f.  (Method  2) 

8 

35 

10 

- 

60 

- 

9 

35 

10 

- 

60 

1.7  p.h.f.  (Method  1) 

10 

35 

10 

- 

120 

- 

11 

35 

10 

- 

120 

1.7  p.h.f.  (Method  1) 

12 

35 

10 

- 

120 

1.7  p.h.f.  (Method  2) 

13 

35 

10 

120 

40 

- 

14 

35 

10 

120 

40 

1.7  p.h.f.  (Method  2) 

15 

35 

10 

120 

40 

1.7  p.h.f.  (Method  3) 

16 

35 

10 

120 

40 

1.7  p.h.f.  (Method  1) 

17 

40 

12 

120 

40 

- 

18 

40 

12 

120 

40 

1.7  p.h.f.  (Method  2) 

19 

40 

12 

120 

40 

1.7  p.h.f.  (Method  3) 

20 

40 

12 

120 

40 

1.7  p.h.f.  (Method  1) 

Methods  of  adding  coupling  agents  are  given  below 
Coated  C0,Ca 


The  molded  slabs  for  testing  have  been  prepared  by 
the  conventional  method  consisting  of  component 
weighing  and  shaking  (stirring)  to  obtain  a dry 
mixture.  This  dry  blend  is  then  kneaded  by  two  mill- 


The  coupling  agent  was  incorporated  in  the  filler 
or  in  the  resin  prior  to  component  mixing  by  means 
of  the  following  alternative  steps: 
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1 . The  required  quantity  of  silane  coupling  agent 
was  added  to  the  corresponding  proportion  of 
filler,  followed  by  mixing  and  dispersion,  thus 
obtaining  an  even  distribution.  After  a period 
of  2 to  3 hours  exposed  to  air,  the  filler  coated 
with  the  coupling  agent  was  then  weighed  together 
with  the  rest  of  the  components . Following  this 
procedure  the  components  were  mixed  to  obtain  the 
dry  blend  which  was  then  milled  and  molded. 

2.  The  calculated  quantity  of  silane  as  determined 
from  the  weight  of  the  filler  was  added  to  the 
PVC  resin.  It  was  then  thoroughly  mixed  to 
obtain  a complete  and  uniform  distribution.  The 
mixture  was  then  left  exposed  to  air  for  a 
period  of  18  hours.  The  object  of  this  procedure 
was  to  obtain  a partial  hydrolysis  of  the  coup- 
ling agent  (this  hydrolysis  can  also  be  detected 
by  the  slight  odor  of  ethyl  alcohol) , which 
allows  its  easy  adhesion  to  the  filler  when  it 

is  used  in  dry  mixture  operations. 

3.  The  third  procedure  consists  of  a modification 
to  procedure  No. 2,  in  which  once  the  dry  blend 
is  prepared  it  should  be  held  for  a period  of  3 
to  4 hours  before  milling. 

We  have  not  studied  other  methods, such  as  adding 
silane  to  the  plasticizer  because  it  was  considered 
that  the  two  basic  procedures  described  are  more 
representative. 

One  experimental  fact  we  should  be  aware  of  is  that 
silane  residues  adhere  to  aluminum  surfaces.  For 
this  reason  in  the  preparation  of  molded  slabs  with 
formulations  containing  silane  it  was  found 
necessary  to  place  a polyester  sheet  between  the 
aluminum  sheet  and  the  compound.  However  no 
adherence  to  steel  was  detected  (in  the  mill  or  the 
press  mold).  This  could  possibly  be  due  to  a 
hydrocarbon  layer  formed  on  the  steel  surface  from 
its  continuous  use. 

Table  3 indicates  the  testing  methods  used  to  deter- 
mine the  properties  measured. 

TABLE  3 

TEST  METHODS 

- Tensile  strength  and  elongation 

ASTM  D-412;  Specimen  Die  C and  jaw  separation 
speed  of  500  nm./min. 

- Accelerated  Aging 

Forced  circulating  air  oven;  100°C,  120  hours 

- Density 

ASTM  D-792,  Method  A 

- Tear  Resistance 

Internal  method  similar  to  ASIM-D-624.  Jaw  separa- 
tion speed  200  nm./min.  The  results  are  expressed 
in  1 to  that  obtained  in  fomulation  No.1,  which 
was  used  as  a control. 


- Melt  flow 

ASIM  D-1238  at  170°C  and/or  190°C.  Die  with  51° 
entry  angle  and  2.1  mn.  diameter  - 10  Kg.  load. 


ASIM  D2863;  B type  specimen  (1.92  mm.  thickness) 

- Acid  gas  absorption 

Ratio  of  Cl  retained  in  ash  (as  soluble  chloride) 
to  theoretical  Cl,  in  percentage.  The  chloride 
retained  in  four  washing  bottles  was  also  tested. 
Weighed  samples  are  calcinated  for  30  minutes  at 
650“C  with  circulating  air. 

- Volune  Resistivity  (dry) 


ASIM  D-257.  500V  after  1 minute  electrification. 


RESULTS  AND  DISCUSSION 

Mechanical  characteristics  and  oven  aging 

In  general,  we  can  see  from  table  4 on  the  follow- 
ing page  that  silane  added  formulations  which  con- 
tain aluminun  hydroxide  as  a filler  behave 
differently  than  those  with  calcium  carbonate.  For- 
mulations with  the  latter  as  a filler  have  a lesser 
effect  on  the  mechanical  properties.  Oi  the  other 
hand,  we  observed  that  in  all  the  formulations 
tested  the  mechanical  characteristics  change  accord- 
ing to  the  method  used  in  adding  the  silane  coupling 
agents  to  the  resin  (methods  2 and  3)  or  to  the 
filler  (method  1).  The  addition  of  coupling  agents 
in  accordance  with  method  1 results  in  an  improve- 
ment in  the  tensile  strength  and  a decrease  in  the 
elongation  when  compared  to  the  equivalent  formula- 
tions without  silane  and  also  when  compared  to  the 
formulations  in  accordance  with  methods  2 and  3. 
However  these  values,  regardless  of  method  used, 
are  comparably  the  same  after  accelerated  aging. 

When  calcium  carbonate  is  used  as  a filler,  the 
addition  of  silane  in  moderate  amounts  (determined 
by  the  percentage  of  filler  used)  generally  results 
in  slight  changes  of  the  mechanical  characteristics. 
It  can  be  seen  that  the  formulation  3 results  in  an 
increment  of  91  in  tensile  strength,  61  in  tear 
resistance,  and  a slight  decrease  in  elongation 
when  compared  to  formulation  2 without  silane.  We 
can  also  see  that  formulation  3 has  better  aging 
chai ucteristics  than  formulation  2. 

The  formulations  with  larger  amounts  of  filler  (120 
p.h.r.  of  Ca  CO3)  and  consequently  higher  amounts 
of  silane  are  sensitive  to  the  method  used  in  add- 
ing the  coupling  agent.  A mixed  blend  per  method  1 
(formulation  6)  shows  an  increase  of  321  in  tensile 
strength  and  241  in  tear  resistance  with  a loss  in 
elongation.  Accelerated  aged  values  were  better 
retained  by  formulation  6 than  formulation  4 as  can 
be  seen  in  Table  4.  When  silane  is  added  to  the 
resin  (formulation  7) , the  increase  in  tensile 
strength  is  141,  and  191  in  tear  resistance  with 
little  change  in  elongation  when  compared  to  formu- 
lation 4.  However  after  accelerated  aging  there 
are  drastic  changes  probably  because  of  a cross- 
linking  action  taking  place  when  exposed  to  high 
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Tested  at  190°C  because  values  at  170°C  were  too  low 


temperatures.  Therefore  it  was  observed  that  there 
were  less  differences  in  tensile  strength  and  elonga- 
tion values  between  formulations  6 and  7 after  aging. 

Formulations  which  contain  aluminum  hydroxide  are  al- 
so sensitive  to  the  method  used.  Actually,  addition 
of  coupling  agents  increases  tensile  strength  and 
tear  resistance  values  to  a greater  degree  than 
those  with  calcium  carbonate.  On  the  other  hand 
there  is  a substantial  loss  in  elongation  which  is 
more  pronounced  with  increments  of  silane  (brought 
about  by  increases  in  percent  of  filler) . An  inter- 
esting result  is  that  tensile  strength  (before  and 
after  aging)  is  practically  the  same  in  the  formula- 
tions 9 and  11  containing  silane,  while  the  elonga- 
tion values  under  the  same  circumstances  is  approxi- 
mately half  with  formulation  11.  After  aging  the 
tensile  strength  and  elongation  values  are  very 
similar  on  formulations  with  coupling  agent  added 
either  in  the  filler  or  in  the  resin.  Moreover  the 
tensile  strength  value,  after  aging,  is  approximate- 
ly equal  (in  both  of  the  above  cases)  to  the  value 
obtained  from  the  formulation  without  fillers  and 
used  as  a control.  These  facts  suggest  that  a more 
consistent  linking  between  the  filler  and  the  poly- 
mer takes  place  through  the  coupling  agent  than  the 
link  obtained  when  calcium  carbonate  is  used.  Tear 
resistance  is  also  practically  the  same  in  the  for- 
mulations  with  silane  added  to  the  filler  and  have 
60  and  120  p.h.r.  of  A1  (OH),.  In  comparison  to 
their  equivalent  formulations  without  coupling 
agents  we  observe  an  increase  of  9 and  241  respective- 
ly- 

Formulations  with  a mixture  of  calcium  carbonate  and 
aluminum  hydroxide  gave  values  lower  than  those 
with  aluminum  hydroxide  only  but  higher  than  those 
with  calcium  carbonate  as  the  only  filler.  It  was 
also  observed  that  tensile  strength  (before  and  after 
accelerated  aging)  in  the  group  of  formulations  with 
mixed  fillers  had  a value  higher  than  any  of  the 
group  containing  only  calcium  carbonate  as  filler, 
nonwithstanding  that  formulation  20  had  a greater 
amount  of  plasticizer.  Regarding  tear  resistance 
we  can  see  a wide  spread  in  readings  with  the  best 
performance  obtained  from  formulation  16.  This 
value  falls  between  the  ones  obtained  from  formula- 
tions 7 and  12  which  respectively  have  calcium  car- 
bonate and  aluminum  hydroxide  as  fillers. 

Values  of  tensile  strength  and  elongation  after 
accelerated  aging  tend  to  approach  each  other  regard- 
less cf  whether  the  coupling  agent  was  added  to  the 
resin  or  to  the  filler.  In  the  case  of  adding 
silane  to  the  filler  (low  original  elongation), 
satisfactory  values  are  retained  after  aging. 


Processability 

The  basic  operations  for  the  compounding  of  PVC  are 
a)  the  dry  blend  mix  in  order  to  get  a uniform  dis- 
tribution of  the  various  components,  and  b) 
extrusion  to  either  pelletize  or  to  apply  directly 
on  the  cable  as  a jacket. 

The  addition  of  coupling  agents  improves  the  dry 
blend  mixing  process  because  the  layer  which  is 
formed  over  the  particles  of  filler  and/or  resin 


prevents  the  formation  of  component  conglomerates. 

Our  studies  show  that  adding  silane  affects  unfavor- 
ably the  melt  flow  level,  a characteristic  which  to 
some  extent  measures  extrusion  performance.  At 
a temperature  of  170°C  its  value  drops  abruptly  on 
all  the  formulations  tested.  However,  at  190°C 
the  melt  flow  is  comparable  to  that  obtained  from  a 
control  formulation  without  fillers  (tested  at  170°C). 
This  presumes  that  formulation  with  silane  may  have 
to  be  extruded  at  temperatures  15  to  20°C  higher 
than  normal  compounds. 


Dielectric  characteristic 

Ch  formulations  containing  silane,  we  have  obtained 
volume  resistivity  values  which  are  slightly  lower 
than  those  corresponding  formulations  which  do  not 
contain  coupling  agents.  This  could  be  due  to  the 
presence  of  ethyl  alcohol  produced  by  hydrolysis 
during  a melting  process.  Nonetheless,  we  do  not 
think  this  slight  variation  will  affect  its  use  as 
a compound  formulation. 

We  have  not  attested  to  measure  dielectric  con- 
stant on  these  formulations  since  our  studies  are 
on  jacket  compounds.  However  we  do  not  expect  a 
substantial  change  in  this  characteristic  which  may 
prevent  its  use  as  an  insulation  material. 


Flame  retardant  properties 

The  oxygen  index  limit  has  been  taken  as  the 
criteria  to  determine  flame  retardant  properties  of 
all  our  formulations  tested.  On  those  with  a large 
amount  of  calcium  carbonate  (formulations  6 and  7), 
the  addition  of  this  silane  coupling  agent  raise 
this  index  2 to  2.5  units  compared  to  formulation  4 
without  the  coupling  agent.  However  on  formulations 
which  contain  aluminum  hydroxide  the  index  value 
does  not  seem  to  be  affected  by  the  addition  of 
coupling  agents  It  may  be  because  the  values 
obtained  are  already  of  considerable  magnitude.  In 
the  formulations  with  mixed  fillers  the  increase  of 
the  oxygen  index  limit  due  to  the  addition  of  coup- 
ling agents  is  negligible.  It  should  be  noted  that 
formulations  with  uncoated  calcium  carbonate  main- 
tain the  same  index  level  as  that  of  formulation  1 
which  is  used  as  control. 

Regarding  the  release  of  gases,  the  addition  of 
silane  coupling  agents  does  not  seem  to  have  an 
appreciable  effect.  Values  obtained  by  the 
absorption  of  chlorhydic  acid  were  equivalent  to 
those  obtained  on  formulations  without  the  coupling 
agent. 


CONCLUSIONS 

The  addition  of  silane  coupling  agents  in  non-rigid 
PVC  formulations,  which  have  a high  percentage  of 
fillers,  greatly  affect  their  mechanical  properties. 
Substantial  improvements  are  found  in  tensile 
strength  and  tear  resistance  especially  when 
aluminum  hydroxide  is  used  as  a filler.  However  the 
compound  flexibility  is  negatively  affected,  except 
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when  the  fornulations  are  moderately  filled  with 
calc inn  carbonate. 

Good  mechanical  properties  are  retained  after  oven 
aging  on  those  formulations  for  which  coupling  and 
cross-linking  have  taken  place  prior/or  during  the 
milling  process.  On  the  other  hand  a detrimental 
effect  is  observed  on  those  materials  whose  cross- 
linking  t?kes  place  at  a later  time. 

Consequently  in  order  to  obtain  a good  coaling,  the 
best  mixing  method  is  adding  the  coupling  agent  to 
the  filler  prior  to  the  preparation  of  the  dry 
blend. 

Other  characteristics  affected  to  a lesser  degree 
are  the  oxygen  index  limit  which  increases  to  2.5 
units  on  formulations  with  120  parts  of  calcium 
carbonate,  and  the  slight  decrease  of  volume 
resistivity.  Regarding  compound  processability  the 
addition  of  coupling  agents  improves  in  great 
measure  the  dry  blend  operation  but  may  require 
higher  extrusion  temperature  than  conventional 
compounds. 

In  summary,  the  addition  of  coupling  agents  has 
been  found  very  useful  in  correcting  the  detrimen- 
tal effect  which  large  amount  of  inorganic  fillers 
have  on  non-rigid  PVC  formulations.  However  these 
same  agents  have  an  unfavorable  effect  on  the 
compound  flexibility  depending  on  the  amount  used. 
Therefore  it  may  be  necessary  to  use  concentrations 
of  silane  lower  than  those  used  on  this  study. 
Another  possible  solution  could  be  the  use  of  an 
"alloy"  polymer  to  obtain  additional  flexibility 
without  affecting  flame  retardant  characteristics. 

In  any  event,  the  formulation  to  be  used  may  be 
chosen  considering  the  characteristics  required 
from  the  compound  and  the  cost  of  the  raw  material. 
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that  severe  duty  demands  imposed  by  nuclear  power 
and  control,  fire  alarm,  aircraft,  high  voltage 
electronic  power,  oil  well  logging,  mass  transit 
and  other  applications  can  be  satisfied  through  in- 
corporation of  high  performance  mica  tapes. 

Use  of  mica  in  cable  construction  is  not  particu- 
larly new,  having  been  used  for  a number  of  years 
in  specialty  high  temperature  applications  such  as 
aircraft  hook-up  wire.  However,  growing  demands 
for  higher  temperature  wire  in  general  and  increas- 
ing concern  for  safety  and  reliability  in  more 
traditional  markets  have  motivated  the  cable  de- 
signer to  expand  the  use  of  micaceous  insulation  in 
cable  construction.  This  not  only  has  led  to  de- 
velopment of  superior  tapes  and  new  levels  of  per- 
formance,- but  has  opened  the  way  for  dramatic 
functional  improvement  by  combining  the  micaceous 
insulation  with  other  high  performance  materials. 

With  few  exceptions,  deployment  of  mica  paper  is 
directly  over  the  bare  conductor  as  depicted  in 
Figure  1 . 


Introduction 

Cable  designs  that  offer  improved  thermal  capability 
and  extended  circuit  integrity  have  been  developed 
through  creative  cable  engineering  and  incorporation 
of  new  high  performance  materials.  Cables  now  on 
the  market  offer  the  specifier  and  end  user  a wide 
choice  of  performance  characteristics  and  designs 
that  satisfy  specific  requirements  of  Underwriter 
Laboratories,  Canadian  Standards  Association, 
National  Electrical  Manufacturers  Association  and 
the  City  of  New  York's  Department  of  Public  Works. 

Unique  constructions,  materials,  and  performance 
aspects  have  brought  about  new  advances  in  the 
state  of  the  art  for  high  reliability  cable  design. 
These  advances  are  particularly  applicable  to  high 
temperature  industrial  heating  cables,  elevator 
control  and  Interlock  cables,  appliance  wire, 
thermocouple  lead  wires  and  specialty  power  and 
control  cables. 

Combinations  of  micaceous  tapes,  and  polymeric 
materials  including  silicones,  fluorocarbons  and 
polyimides  allow  radiation,  steam  and  chemical 
resistance  and  a high  degree  of  flame  retardancy 
to  be  designed  into  cable  construction.  Designs 
that  exceed  the  requirements  of  IEEE  383  indicate 


TYPICAL 

CABLE  CONSTRUCTION 


Figure  2 demonstrates  the  use  of  mica  paper  in  a 
typical  multiconductor  configuration. 

In  the  event  of  thermal  overload,  flame  exposure  or 
other  catastrophic  condition,  the  conductors  remain 
electrically  protected  in  carrying  out  their  speci- 
fied mission.  Figure  3 illustrates  the  thermal 
capability  attainable  in  600-volt  cable  with  circuit 
integrity  utilizing  mica  as  opposed  to  traditional 
and  other  high  temperature  materials. 


Abstract 

Creative  cable  engineering  and  newer  high  perform- 
ance materials  have  reduced  to  practice  cable  de- 
signs with  improved  thermal  capability  and  extended 
circuit  integrity  to  meet  the  most  critical 
application,  environmental  and  safety  demands. 

High  temperature,  industrial  heating  cables, 
elevator  control  and  interlock  cables,  appliance 
wire,  thermocouple  lead  wires,  and  specialty  power 
and  control  cables  developed  mark  new  advances  in 
the  state  of  the  art  for  high  reliability  cable 
design.  Combinations  of  micaceous  tapes  and  space 
age  polymeric  materials  have  enabled  the  cable 
designer  to  incorporate  radiation,  steam,  and 
chemical  resistance  and  flame  retardancy  into  cable 
construction.  Performance  exhibited  suggests  fur- 
ther possibilities  for  other  severe  duty  demands 
imposed  by  nuclear  power  and  control,  fire  alarm, 
aircraft,  high  voltage  electronic  power,  oil  well 
logging,  mass  transit  and  other  applications. 


TYPICAL  MULTI-CONDUCTOR  CABLE  CONSTRUCTION 


A composite  tape  construction  is  able  to  withstand 
severe  electrical  and  thermal  overload  conditions. 
The  high  density  mica  paper  permits  tape  designs 
with  a minimum  binder  content  (the  weakest  link 
thermally  and  in  flame  resistance)  and  designs  that 
electrically  retain  60  to  70  percent  of  original 
dielectric  strength  after  1200  to  1500°F  exposure. 
Such  constructions  are  highly  resistant  to  radia- 
tion and  withstand  10^  rads  at  a 108  rads  per  hour 
dosage  rate.  They  are  so  highly  insensitive  to 
moisture  that  electrical  in'egrity  remains  un- 
changed between  one  and  24-h'our  water  immersion 
with  over  50%  retention  of  original  dielectric 
strength. 

Typical  properties  of  two  commercially  available 
mica  paper  tapes  are  detailed  in  Figure  4: 


Thickness,  inches  nominal 
Construction 

Mica  paper  thickness,  in 
Reinforcement 


0.0018 

glass  yarn/ 

polyester 

film 

> 1 year 

0.23 

0.124 

75 

< 3 

0.4 


0.0018 

glass 

cloth 


Areas  where  mica  cable  is  successfully  used  include 
steel  mills  (furnaces,  soaking  pits,  coke  ovens, 
cranes,  safety  and  emergency  equipment),  continuous 
casting  plants  (machinery  exposed  to  highly  cor- 
rosive hydraulic  fluids),  chemical  plants,  electric 
generating  stations,  and  for  high  temperature 
plastic  processing  equipment. 


Shelf  Life,  normal  storage 
Yield,  approx.  Lb/Yd? 

Kg/M? 

Tensile  Strength,  Avg.  Lb/ I n 
Elongation  to  final  break,  0/0 
to  mica  fracture,  0/0 
Electric  Strength,  Avq.  VPM 
S.T.,  R.T.,  1/4"  Electrodes 
Dielectric  Constant,  60  Hz,  20CTC 
Flexibility  - Helically  Tapable 
(with  proper  width  selection)  on 
AWG  wire  size  [minimum]) 


TEMPERATURE  CAPABILITY  COMPARISON 
OF  CABLE  MATERIALS 


FLUOROPOLYMERSft  ASBESTOS 


TYPICAL  PROPERTIES  - MICA  PAPER  TAPES 
Fig.  4 


FLUOROCARBONS 


Tapes  are  specifically  designed  for  application  by 
high  speed  helical  taping  or  by  longitudinal  folding 
at  normal  extruder  wire  line  speeds.  Their  inert 
nature  enables  them  to  be  combined  compatibly  with 
other  insulating  compounds.  Under  catastrophic 
conditions,  mica  paper  tapes  emit  no  known  toxic  or 
noxious  fumes  and  meet  0SHA  standards  at  extended 
high  temperatures.  Typical  test  performance  char- 
acteristics of  mica  paper  tapes  are  shown  in  Fig.  5: 


POLYOLEFINS 


100  200  300  400  500 

CONTINUOUS  OPERATING  TEMPERATURE.  °C 


Insulation  - Multi  layer,  Helical  warp  - 20  megohms 

Resistance  - Multi  layer.  Helical  warp, 

exposed  to  propane  flame  - 
at  1200°F,  15  min.  - 2 megohms 

Moisture  - Electric  strength  after 

Resistance  water  imersion  for  1 hr.  - 50X  of  original 

24  hrs.  - Unchanged 

Radiation  - Withstands  - 109  Rads 

Resistance  Dosage  Rate  - 10®  Rads/Hr. 

(Gama) 

Dissipation  - At  200BC,  50  VPM  - 5-1  OX 

Factor 


Designers  of  electrical  equipment  have  recognized 
the  high  temperature,  high  dielectric,  non-burning, 
non-toxic  value  of  mica  for  decades,  hence  it  was 
logical  that  they  should  utilize  it  in  cable  appli- 
cations. The  challenge  was  to  develop  a practical, 
thin  form  of  insulation  that  could  be  easily 
handled.  The  result  has  been  tapes  that  impart  a 
level  of  circuit  integrity  beyond  that  obtainable 
through  the  use  of  any  other  polymer  or  tape, 
organic  or  inorganic,  currently  in  commercial 
production. 

Reconstituted,  fired,  muscovite  paper  of  higher  than 
normal  density  is  combined  with  glass  (cloth  or 
unidirectional  yarns)  reinforcement  and  bonded  with 
a high  performance  cured  methyl  polysiloxane  resin. 


TYPICAL  PERFORMANCE  CHARACTERISTICS 
OF  MICA  PAPER  TAPES 
Fig.  5 


Cable  Development 

A variety  of  cable  designs  incorporating  mica  paper 
insulation  utilize  a number  of  materials  applied 
over  the  mica  in  various  combinations  to  meet  re- 
quirements of  specific  applications.  Among  the 
materials  used  are: 

Glass  and  asbestos  braids 

Fluoropolymers 

Silicones 

Ethylene  propylene  rubber 
Cross  linked  polyethylene 
Fluorocarbon  resins 

Specific  constructions  have  been  approved  by 
Underwriters  Laboratories  and  by  Canadian  Standards 
Association  for  450°C,  600-volt  rating.  Operational 
capability  of  these  cables  ranges  from  -55°C  to 
538°C,  and  the  constructions  are  widely  accepted  in 
both  single  and  multi-conductor  configurations. 

Still  other  designs  have  been  produced  for  control 
cable  applications  and  have  met  or  exceeded  the 
requirements  of  IEEE  383.  They  have  also  passed 
qualification  tests  consisting  of  exposure  to  ra- 
diation, extreme  heot,  steam  and  chemical  spray 
simulating  a nuclear  station  environment  and  loss 
of  coolant  accident  (LOCA)  conditions. 

The  value  of  mica  in  providing  for  extended  circuit 
integrity  is  further  demonstrated  in  Figure  6.  Two 
cables  (7-conductor,  #12  AWG  stranded  copper)  dif- 
fering only  by  inclusion  of  mica  paper  over  the 
conductor  singles  in  one  case  were  installed  in  a 
horizontal  ladder  tray.  Both  cables  employed  a 
widely  specified  flame-resistant  design.  The 
cables  were  exposed  to  flame  adjusted  to  1900°F 
(+  50°r)  supplied  by  a 21000  Btu  burner.  Insula- 
tion resistance  was  monitored  using  alternate 
conductors  in  the  outer  layers  as  one  electrode, 
and  the  remaining  conductors  as  the  other. 
Measurements  were  made  with  a 500-volt  DC  megometer. 
Repetitive  tests  have  confirmed  the  results  shown  in 
Figure  6: 


INSULATION  RESISTANCE  OF  TWO  FLAME 
RESISTANT  CABLE  DESIGNS  EXPOSED  TO  A 1900°  F 
FLAME  TO  A 10.000  MEGOHM  FAILURE  POINT 


FLAME  RESISTANT  CABLE 
(WITH  MICA) 


FLAME  RESISTANT  CABLE 
(NO  MICA) 


10  H>  30  40  50 

TIME  TO  FAILURE  MINUTES  IN  1900°F  FLAME 


Fig.  6 


Typical  multi-purpose  high  temperature  cables  in 
current  production  employ  stranded  27%  nickel 
coated  copper  conductors  insulated  with  mica  paper 
tape  applied  in  concentric  layers  (Figure  7) . 

Tapes  are  available  in  narrow  (to  1/4")  slit  widths 
in  both  pad  and  spool  form,  suitable  for  convention- 
al cable-taping  machine  application  at  normal 
speeds  (35-40  FPM).  A wall  of  inorganic  braid  im- 
pregnated with  flame  retardant  completes  the  basic 
design. 

For  cabling,  singles  and  appropriate  fillers' are 
wrapped  with  mica  paper  tape  as  the  binder  and 
jacketed  with  a heat,  moisture  and  abrasion  re- 
sistant braid.  These  cables  are  capable  of  538°C 
continuous  service  temperature  and  offer  corrosion 
resistance,  high  dielectric  strength,  low  power 
factor  and  flexibility  without  cold  flow  or  heat 
distortion. 


MICA  PAPER  TAPING  OPERATION 
Fig.  7 


Miniaturization  that  requires  high  temperature  wire 
is  now  a reality.  Conductors  as  small  as  28  AWG 
are  being  taped  in  diameters  that  do  not  exceed 
40  mils  overall.  The  smaller  wires  and  cables 
greatly  simplify  installation  in  conduit  as  well 
as  meeting  market  demands  for  miniaturization. 


Conclusion 

Cables  utilizing  mica  paper  as  a design  component 
have  attained  levels  of  performance  never  before 
achieved.  Mica  paper  insulation  has  made  possible 
dramatic  advances  in  thermal  operating  capabilities, 
has  extended  circuit  integrity  and  has  enabled 
cable  designers  to  offer  specifiers  and  users  a 
margin  of  safety  that  has  not  previously  been 


323 


possible.  Space  age  tapes  developed  from  long  es- 
tablished technology  provide  a reasonable  economic 
approach  to  satisfying  steadily  increasing  perform- 
ance demands  in  the  cable  field.  Designs  have 
demonstrated  their  reliability  in  protection  from 
extremes  of  heat,  fire,  high  voltage,  radiation, 
chemical  exposure,  and  water  immersion.  New 
designs  providing  vastly  superior  performance  are 
currently  gaining  acceptance  in  a growing  number  of 
applications  and  can  be  expected  to  achieve  further 
recognition  as  they  are  extended  to  rapid  transit, 
aircraft,  automotive  and  other  applications. 
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ABSTRACT 

The  effect  of  a sprayable  fire-protective 
coating  on  the  ampacity  (i.e.,  current-carrying 
capacity)  of  a 1/C  #4/0  AWG  and  a 7/C  #12  AWG 
cable  (both  XLPE/PVC)  was  determined  with  the 
cables  tightly  packed  (46  to  47%  fill  with  three 
layers  of  cable)  in  individual  12-in  (0.3-m)- 
wide  ladder-type  cable  trays.  The  steady  60-Hz 
current  was  measured  that  produced  a stable  con- 
I ductor  temperature  (at  the  center  of  the  cable 

tray)  of  approximately  75°C,  and  subsequently 
90°C,  for  tray  conditions  cf  no  coating,  a 1/8-in 
(3.1-nm)-thick  wet  coating  (approximately  1/16-in 
(1.6-mm)  when  dry)  and  a second  1/8- in  (3.1 -mm) 
thick  wet  coating  of  the  fire-protective  material. 
The  results  indicated  that  with  a 90°C  conductor 
temperature  (and  50°C  temperature  rise),  the 
ampacity  was  reduced  by  2%  with  one  1/8-in  (3.1- 
mri)  thick  wet  application  and,  at  most,  3%  with 
a second  1/8-in  (3.1 -mn)-thick  wet  application 
of  the  fire-protective  coatings. 


INTRODUCTION 

The  fire-proofing  of  cables  in  trays  is  con- 
veniently obtained  by  the  application  of  suitable 
sprayable  materials.  Because  such  applied  mate- 
rials provide  additional  thermal  barriers  to  the 
dissipation  of  electrical  resistive  heat  genera- 
ted within  the  cables,  it  was  of  interest  to  meas- 
ure the  actual  effects  of  such  coatings  on  the 
ampacity  capabilities  of  typical  cables  used  in 
nuclear  power  generating  stations.  This  paper 
describes  the  design  and  results  of  the  investi- 
gation. 


TEST  ARRANGEMENT 

The  test  arrangement  was  based  on  previous 
investigations  by  Lee1  and  Stolpe2  on  ampacities 
for  cables  In  open  trays. 

Two  open,  horizontally-mounted  cable  trays 
were  uniformly  and  tightly  packed  with  three 
layers  of  cable,  with  16  runs  of  power  cable 
per  layer  and  17  runs  of  control  cable  per  layer, 
as  shown  In  Figure  1.  The  trays  were  commer- 
cially available  galvanized-steel  open-rung 
ladder  types.  The  nominal  dimensions  were  12  In 
(0.3  m)  wide  by  3 In  (76  mm)  deep  by  8 ft  (2.4  m) 
long  with  6 In  (0.15  m)  rung  spacing.  The  test 
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cables  were  the  following  types: 

• 1/C  #4/0  AWG  copper-stranded  Insulated 
with  XLPE  and  an  overall  jacket  of  PVC. 
The  nominal  cable  diameter  was  0.72  in 
(18.3  mm) . 

• 7/C  #12  AWG  copper-stranded  insulated 
with  XLPE,  individual  conductor  jacket 
of  PVC  and  an  overall  jacket  of  PVC. 

The  nominal  cable  diameter  was  0.71  in 
(18.0  mm) . 

KEY  TO  THERMOCOUPLE  LOCATION 
o Upper  cable  layer 
t Middle  cable  layer 
& Bottom  cable  layer 


Figure  1.  Sketch  of  Tray  Loading 

and  Thermocouple  Location 


One  tray  was  47%  filled  with  the  7/C  #12  cable, 
and  the  other  tray  was  46%  filled  with  the  1/C 
#4/0  cable.  The  percent  cable  fill  was  calcula- 
ted by  dividing  the  total  cable  cross-sectional 

area  [”  x (cable  OB}2  x nQ  cabiesJ  by  the 
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available  cross-sectional  tray  area  [inside  width 
x inside  height  above  the  rungs],  A 47%  fill  rep- 
resents about  the  maximum  capacity  of  a tray  con- 
taining three  layers  of  cable.  After  each  cable 
run  through  the  tray,  the  cable  was  looped  back 
into  the  tray  for  the  next  run,  sc  that  all  runs 
were  connected  in  series  and  the  same  current 
flowed  in  all  the  conductors.  See  Figure  2. 


Figure  2.  View  of  Coated  Cable  Loaded  in 
12-in  (0.3-m)-Wide  Cable  Tray 


The  conductor  temperatures  were  measured  with 
copper-constantan,  0.063-in  (1 .6-mm)-diameter 
stainless-sheathed  thermocouples  placed  at  1-ft 
(0.3-m)  intervals  (excluding  the  ends  of  the  tray) 
along  the  8-ft  (2.4-m)  length  of  the  central  cable* 
in  the  middle  layer  and  at  three  stations  along 
the  central  cable  in  both  the  upper  and  lower 
layers  (see  Figure  1).  The  thermocouple  sheaths 
were  ungrounded  and  were  placed  in  direct  contact 
with  the  cable  conductors  through  a slit  in  the 
insulation.  The  slit  was  then  covered  with  a 
wrap  of  glass  tape.  Thermocouple  sheath-to-con- 
ductor  continuity  was  verified  with  an  ohmmeter 
before  and  after  the  test.  Utilization  of  un- 
grounded, sheathed  thermocouples  insured  that  ac 
voltages,  associated  with  the  energizing  currents, 
were  isolated  from  the  recorders. 

Two  0.063-in  (1.6-mm)  diameter  sheathed  ther- 
mocouples and  a liquid-filled  glass  thermometer 
were  used  to  measure  the  ambient  air  temperature 
9-in  (0.23-m)  to  either  side  of  the  trays  (as  was 
done  in  experiments  reported  by  Lee2). 

The  test  was  conducted  at  room  temperature 
(27°C  nominal)  with  negligible  air  circulation 
around  the  trays. 


♦The  12-in  (0.3-m)  tray  was  not  wide  enough  to 
hold  17  power  cables,  so  there  was  a small  space 
between  the  16th  cable  and  the  side  channel  of 
the  tray.  In  this  case,  the  thermocouples  were 
installed  in  the  eighth  cable  from  this  side, 
which  was  not  more  than  one-half  of  a cable  dia- 
meter from  the  vertical  centerline  of  the  tray. 


The  temperature  indications  from  the  thermo- 
couples were  continuously  recorded  on  multipoint 
strip-chart  temperature  recorders.  The  calibra- 
tion of  the  temperature  recorders  was  checked  at 
the  beginning  and  end  of  each  day  of  testing  by 
use  of  a reference  thermocouple  (of  the  same  type 
as  that  used  in  the  cable  trays),  which  was  se- 
quentially immersed  in  a stirred  ice-water  bath 
and  an  insulated  flask  of  boiling  water. 


TEST  PROCEDURE 

Phase  1 - Uncoated  Cables 

The  60-Hz  current  load  was  supplied  at  a level 
adjusted  by  a variable  autotransformer.  The  7/C 
*12  cable  was  energized  directly,  while  the  1/C 
*4/0  cable  required  the  use  of  a low-voltage  cur- 
rent transformer.  The  currents  were  measured  with 
a precision  current  transformer  and  ammeter. 

The  current  was  adjusted  in  each  of  the  two 
trays  until  a steady  current  provided  an  average 
conductor  temperature  of  75°C  in  the  central  cable 
run  (center  cable  in  middle  layer).  This  condi- 
tion was  then  readjusted  to  obtain  an  average  con- 
ductor temperature  of  90°C.  The  average  tempera- 
tures were  determined  from  the  three  centerroost 
thermocouple  locations  (TC  #3,  4 & 5 of  Figure  1) 
along  the  central  cable  run. 

Phase  2 - Initial  Coating 

The  fire-protective  coating"  was  applied  to  a 
thickness  of  1/8  in  (3  nrn)  (wet  depth)  to  all  ex- 
posed surfaces  of  the  cables  (top  and  bottom)  with- 
in the  cable  trays. 

After  application  of  the  coating,  it  was  cured 
by  energizing  the  cables  to  a current  level  which 
provided  an  average  middle-layer  conductor  tempera- 
ture of  approximately  38°C  (100°F)  for  24  h,  with 
an  antiient  air  temperature  of  27°C  (80°F).  (The 
conductor  temperatures  were  less  than  38°C  (100°F) 
in  the  top  and  bottom  layers.)  The  cure  was  ex- 
tended for  another  44  h at  ambient  air  temperature 
only. 

Following  the  cure,  the  ampacities  at  75°C 
(167°F)  and  90°C  (194°F)  were  determined  as  in 
Phase  1 . 

Phase  3 - Final  Coating 

A second  coating  of  1/8-in  (3-mm)  (wet  depth) 
thickness  was  sprayed  onto  the  cable  trays  and 
cured  for  24  h with  the  cables  energized  to  pro- 
vide a top  layer  temperature  at  38°C  ( 1 00 0 F ) . The 
final  total  dry  thickness  resulting  from  the  ini- 
tial and  final  coating  was  approximately  1/8  in 
(3  mm).  The  ampacities  at  75°C  (167°F)  and  90°C 


AThe  fire-protective  coating  was  described  by  the 
supplier  as  a sprayable,  non-intumescent,  water- 
borne, air-drying,  paste- consistency , fire-retard- 
ant coating,  based  on  a binder  of  polyvinyl  acetate 
copolymer  emulsion  and  filled  with  both  active  and 
Inert  fire-retardant  Ingredients. 


(194°F)  conductor  temperatures  were  then  determined 
as  in  Phases  1 and  2.  Views  of  the  final  coating 
are  shown  in  Figures  3 and  4. 


Figure  3.  Top  View  of  Typical  Cable  Tray  Coated 
with  Two  Thicknesses  of  Cable  Coating 


verified  that  these  were  cooler  than  the  middle 
layer,  by  approximately  10°C. 

!he  test  results  are  summarized  in  Tables  1 
and  2.  In  Figures  5 and  6,  the  log  aT  has  been 
plotted  against  log  I,  where  aT  is  the  conductor 
temperature  rise  above  the  ambient  temperature  and 
I is  the  current  through  the  conductor.  This  form 
of  plotting  is  based  on  the  work  of  Lee1  and  Stolpe-', 
who  found  that  log  aT  is  approximately  proportional 
to  log  I. 


Figure  4.  Bottom  View  of  Typical  Cable  Tray  Coated 
with  Two  Thicknesses  of  Cable  Coating 

Phase  4 - Additional  Curing  of  the  Final 
Coating 

After  completion  of  Phase  3,  the  coated  cable 
trays  were  additionally  cured  by  maintaining  them 
at  ambient  room  conditions  (approximately  27°C)  for 
9.7  d,  and  then  the  ampacities  were  redetermined  at 
75°C  and  90’C,  as  in  Phases  1 through  3. 


TEST  RESULTS 

The  temperature  measurements  along  the  central 
cable  run  (center  cable  of  middle  layer)  showed 
that  end  effects  were  noticeable  as  much  as  2 ft 
(0.6  m)  from  the  ends  of  the  tray.  Therefore,  only 
the  temperature  measurements  3 ft  (0.9  m)  from  each 
end  plus  the  ones  at  the  center  were  used  to  com- 
pute the  average  conductor  temperature.  The  ther- 
mocouples in  the  upper  and  lower  cable  layers 


Figure  5.  Ampacity  Vs.  Temperature  Rise  for  7/C 
*12  AWG  Cables  in  a 12-in  (0.3-m)-Wide 
Tray  (Range  of  Ambient  Temperatures: 

26.7°  to  27.8°C) 


WEGtNP 
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Figure  6.  Ampacity  Vs.  Temperature  Rise  for  7/C 
*12  AWG  Cables  in  a 12-in  (0.3-m)-Wide 
Tray  (Range  of  Ambient  Temperatures: 
26.7°  to  27.3°) 

Figures  5 and  6 show  that  the  coating  had  a 
small  effect  on  the  ampacity  for  a given  conductor 
temperature  rise. 

The  percent  reductions"  in  ampacity  resulting 
from  the  coating  are  given  in  Table  3.  The  de- 
ratings  appear  to  be  slightly  dependent  on  the 
value  of  temperature  rise  and  coating  thickness; 
but  they  are  all  very  small,  the  highest  value 
being  only  4%.  In  the  case  of  the  power  cable 
there  was  a small  change  after  approximately  10 
additional  days  of  curing  under  ambient  room  con- 
ditions, but  there  was  no  change  in  the  case  of 
the  control  cables. 


"Expressed  as  percent  reduction  of  ampacity  from 
measured  ampacity  without  coating. 
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Table  3.  Ampacity  Deratings 


Coating 

Ampacity  Deratings  (*) | 

Thickness 

Vs.  Temperature  Rise 

Cable 

(Measured 

Type 

when  wet) 

aT  - 50“ C 

aT  - 60°C 

Power 

One 

1/8-in  coating 

2 

2 

Cable 

1/C  #4/0  AWG 

Two 

1/8-in  coatings 

2 

3 

XIPE/PVC 

Two 

1/8-in  coatings 

3 

4 

Control 

One 

l/8-1n  coating 

1 

2 

Cable 

7/C  #12  AWG 

Two 

1/8-in  coatings 

3 

4 

XIPE/PVC 

Two 

1/8-in  coatings 

3 

4 

Retested  after  9.7  days  of  additional  curing  time  at  room 
ambient  temperature. 


Comparison  with  Recommended  Ampacities 

It  is  interesting  to  compare  the  ampacities 
measured  in  this  test  program  for  uncoated  cables 
in  trays  with  those  tabulated  by  IPCEA  in  Ref.  3. 
To  do  so,  corrections  were  applied  to  both  the 
measured  ampacities  and  those  listed  in  Ref.  3, 
as  described  below,  to  put  them  on  a comparable 
basis. 

Correction  of  Measured  Ampacity  for 
Conductor  Temperature 

Since  ampacities  listed  in  Ref.  3 are  avail- 
able for  a conductor  temperature  of  90°C  and  the 
conductor  temperature  differed  slightly  from  90°C 
during  the  tests,  a small  correction  of  the  meas- 
ured ampacities  was  made  as  follows: 

A plot  of  log  T vs.  log  I was  pre- 
pared, where  T and  I are  conductor  tem- 
perature and  current,  respectively;  and 
the  value  of  current  (or  ampacity)  at 
exactly  90°C  was  read  from  the  graph. 

For  the  1/C  #4/0  power  cable,  the  am- 
pacity at  90“^  was  found  to  be  188.3  A; 
for  the  7/C  #12  AWG  control  cable,  the 
ampacity  was  10.7  A (in  each  conductor). 

Calculation  of  Loading  Depth 


From  Table  4 of  Ref.  3,  the  ampacity  for  the  1/C 
#4/0  cable  is  found  to  be  137.5  (by  plotting  the 
tabulated  ampacities  as  a function  of  "calculated 
depth  of  cables  in  tr^"  and  reading  the  value  of 
ampacity  at  2.11  in). 

For  the  7/C  #12  AUG  cable.  It  is  necessary 
first  to  obtain  the  ampacity  for  a 3/C  cable  and 
then  to  make  a correction.  From  Table  6 of  Ref.  3, 
using  the  procedure  described  above  for  the  power 
cable,  the  ampacity  for  the  3/C  #12  AWG  cable  is 
found  to  be  8.6  A for  a cable  depth  of  2.18  in 
(55.4  mm).  This  is  converted  into  the  ampacity  for 
a 7/C  #12  AWG  cable  by  use  of  a formula  from 
Section  B of  Ref.  3: 


where 

I 

1 1 ampacity  for  3/C  cable  from  table 

« 

Ix  = ampacity  for  cable  having  nx  conductors 

I 

dQ  * diameter  of  3/C  cable  from  table 

l 

dx  = diameter  of  cable  having  nx  conductors 
In  our  case,  we  have 

I?  * o!  -/T  x 8-6  * 8-2  4 

To  permit  comparison  with  the  experimental  am- 
pacities, the  IPCEA  ampacities  must  be  corrected  to 
an  ambient  temperature  equal  to  the  value  that  ex- 
isted during  the  tests.  The  ambient  temperatures 
during  tests  of  uncoated  trays  were  obtained  from 
Tables  1 and  2;  and  the  correction  factors  were 
obtained  from  the  table  for  "Correction  of  Ambient 
Temperature,"  page  i of  Ref.  3,  by  plotting  the 
tabulated  values  and  extrapolating  to  the  value 
of  ambient  temperature  during  the  tests. 


The  depth  of  tray  loading  in  our  tests  was 
calculated  using  the  formula  given  in  Ref.  3, 
page  1 , as  follows : 


h 


Cable  Depth 


No.  of  Cables  x (Cable  OP)2 
Inside  Width  of  Tray 


For  the  1/C  #4/0  AWG  power  cable,  this  yields 

. 48  x (0.72)2  = 2.11  in  (53.6  mm) 

h TO' 


and  for  the  7/C  #12  AWG  control  cable,  we  find 

h * 5-  frig 7"^  * 218  in  <55-4  "•") 

IPCEA  Ampacities 

For  these  cable  depths,  IPCEA  ampacities  can 
be  found  in  Ref.  3 for  the  following  conditions: 

Conductor  temperature  = 90°C 
Air  anbient  temperature  * 40°C 


Ambient  Temperature 

Cable  Type  Temperature  (°C)  Correction  Factor 

1/C  #4/0  AWG  26.7  1.124 

7/C  #12  AWG  27.2  1.119 

(Since  the  ambient  temperature  during  the  test  was 
only  a few  degrees  below  30°C,  the  lowest  value  in 
the  IPCEA  table,  the  extrapolation  should  not  in- 
troduce a significant  error.) 

The  antient  temperature  corrections  of  the 
IPCEA  ampacities  (for  a 90°C  conductor  tempera- 
ture) are  as  follows: 

1/C  #4/0  AWG  power  cable:  137.5  x 1.124  * 154.6  A 
7/C  #12  AWG  control  cable:  8.2  x 1.119  * 9.2  A 

The  ampacities  measured  here  in  the  same  conditions 
were  188.3  and  10.7  A,  respectively.  Therefore, 
the  IPCEA  ampacities  are  conservative. 
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Thickness  Measurement  After  Curing 
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After  completion  of  the  ampacity  tests,  the 
tray  loaded  with  control  cables  was  cut  through 
with  a band  saw  4.5  ft  (1.4  m)  from  one  end  to 
permit  thickness  measurements  on  the  cured  coating. 
A view  of  the  cross  section  is  shown  in  Figure  7. 
The  measurements  confirmed  that  the  dry  coating 
thickness  was  1/8  in  (3  nin)  over  the  crests  of 
the  cables  in  the  top  and  bottom  layers,  which 
is  where  the  wet  thickness  had  been  measured. 


Figure  7.  Cross  Section  of  Coated  Cable  Tray 


CONCLUSIONS 


To  determine  the  effect  of  a fire-protective 
coating  on  ampacity,  two  tightly-packed  12-in 
(0.3-m)-wide  cable  trays  were  tested  without  being 
coated,  after  curing  of  a 1/8-in  (3.1-nm)-thick 
wet  coating,  after  curing  of  a second  1/8-in 
(3.1-mm)-thick  wet  coating  on  all  exposed  cable 
surfaces  in  the  cable  tray  and  after  an  additional 
9.7  days  of  curing  at  room  temperature.  The  cured 
(dry)  coatings  were  approximately  1/16  and  1/8  in 
(1.6  and  3.1  mm)  thick  based  upon  coating-supplier 
information,  which  was  confirmed  by  actual  measure- 
ment in  the  case  of  the  1/8-in  (3.1-mm)  thickness. 
In  one  tray,  1/C  #4/0  AWG  power  cable  was  tightly 
packed  into  approximately  46%  of  the  available 
tray  space  while  the  other  tray  was  approximately 
47%  filled  with  7/C  #12  AWG  control  cable;  there 
were  3 layers  of  16  power  cables  in  one  tray  and 
3 layers  of  17  control  cables  in  the  other  tray. 


The  ampacities  measured  after  each  coating 
was  cured  indicates  that,  with  a 90CC  conductor 
temperature  and  50°C  temperature  rise,  the  am- 
pacity was  reduced  by  a maximum  of  2%  with  one 
1/8-in  (3.1-irm)-thick  wet  application  and  at  most 
3%  with  a second  l/8-1n  (3.1-mm)-thick  wet  appli- 
cation of  the  coating. 


In  conclusion,  based  on  data  derived  from  this 
test,  the  effect  of  a sprayable  fire-protective 
coating  on  the  ampacity  of  typical  power  and  control 
cables,  tightly  packed  in  cable  trays  to  more  than 
40%  fill,  is  very  small. 


The  authors  wish  to  thank  the  Vimasco  Corpora- 
tion of  Nitro,  WV,  who  manufactures  the  fire-pro- 
tective coating  used  and  who  sponsored  this  project. 
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Table  1.  Ampacity  Test  Results  (Measured  Data  at  -»90°C  Conductor  Temperature) 


Central 
Conductor 
Average 
Temperature 
(Note  2) 


Calculated  ! 
j Temperature 
Rise  Above 
Room  Ambient  | 
j Temperature  j 


Ambient 

Room 

Temperature 

(Note  A) 


Thickness  of  Fire- 
Protective  Coating 
(Note  1 ) 


Cable  Size  and 
Tray  Configuration 


Current 


7/C  9 1 2 AWG. 

kl%  fill  in  a 12  In.  wide 
by  3*3/A  in.  deep,  ladder- 
type,  open  tray. 

1$  layers  of  17  cables 
each) 


cure  pei 


Coating  was  applied  to  all  (top  and  lower)  exposed  surfaces  of  cables  in  the  trey.  Thicknesses 
measured  while  the  coating  was  wet.  Coatings  cured  for  a minimum  of  2k  h while  a cable  tempera- 
ture of  '-100°F  was  maintained  by  current  flow  through  the  cables 

Average  temperature  calculated  from  indications  of  the  3 center-most  thermocouples  (TC  3.  A end  5) 
located  on  the  conductor(s)  of  the  cable  at  the  center  of  the  array.  Temperatures  measured  In  *F 
and  converted  to  *C.  Accuracy  of  measurement:  t 2*C. 

Currents  measured  using  current  transformers  and  5-A  current  meters.  Accuracy  of  measurement: 

♦ 0.651  of  full  scale . 

Ambient  room  temperature  near  the  cable  trays  was  measured  in  *F  and  converted  to  *C.  Accuracy  of 
measurement:  t 2"C. 

After  9-7  days  ? room  ambient  temperatures. 
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Table  2.  Ampacity  Test  Results  (Measured  Data  at  %75°C  Conductor  Temperature) 


Central 

Conductor 

Average 

Temperature 


Calculated 

Temperature 
Rise  Above 
Room  An*>ient 
. Temperature 


Ambient 

Room 

Temperature 


Thickness  of  Fire- 
Protective  Coating 
(Note  1) 


Cable  Size  and 
Tray  Confl guratlon 


Current 


1/C  9k/ 0 AWG. 
kb % fill  in  a 12  in.  wide 
by  3*3/6  in.  deep,  ladder- 
type,  open  tray. 

(3  layers  of  16  cables 
each) 


7/C  #12  AWG. 

A7t  fill  in  a 12  in.  wide 
by  3“ 3/A  in.  deep,  ladder- 
type,  open  tray. 

(3  layers  of  17  cables 
ea«h) 


After  final  cure  period 


Coating  was  applied  to  all  (top  and  lower)  exposed  surfaces  of  cables  In  the  tray.  Thicknesses 
measured  while  the  coating  was  wet.  Coatings  cured  for  a minimum  of  2A  h while  a cable  tempera- 
ture of  n,IOO<>F  was  maintained  by  current  flow  through  the  cables. 

Average  temperature  calculated  from  indications  of  the  3 center-most  thermocouples  (TC  3,  A and  5) 
located  on  the  conductor(s)  of  the  cable  at  the  center  of  the  array.  Temperatures  measured  in  *F 
and  converted  to  *C.  Accuracy  of  measurement : t 2*C. 

Currants  measured  using  currant  transformers  and  5-A  current  meters.  Accuracy  of  measurement . 

* 0.65$  of  full  scale.  The  current  value  is  for  a single  conductor. 

Ambient  room  temperature  near  the  cable  treys  was  measured  In  *F  and  converted  to  *C.  Accuracy  of 
measurement:  i 2*C. 

After  9-7  days  ■ room  ambient  temperatures. 
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Summary 


A major  concern  in  achieving  satis- 
factory performance  of  optical  fibers 
for  a long  service  life  is  the  effect  of 
moisture  on  strength.  This  paper  illus- 
trates, both  analytically  and  experimen- 
tally, how  the  environment  can  degrade 
the  strength  of  fibers  under  a constant 
stress  (static  fatigue),  a constant 
stressing  rate  (dynamic  fatigue)  and 
zero  stress  aging.  Time-dependent  frac- 
ture originating  from  submicron  flaws  in 
polymer-coated  optical  fibers  can  be  des- 
cribed by  conventional  fracture  mechanics 
concepts  using  a power  function  for  the 
crack  growth  rate.  Static  and  dynamic 
fatigue  results  on  fused  silica  fibers 
support  the  stress-corrosion  mechanism 
for  time  dependent  failure.  Finally,  it 
is  shown  how  proof  testing  of  optical 
fibers  can  be  used  to  guarantee  a mini- 
mum time-to- failure  in  static  fatigue. 

Introduction 

The  theoretical  strength  of  fused 
silica^  is  determined  by  the  interatomic 
force-separation  curve  of  the  consti- 
tuent atoms  (silicon  and  oxygen)  and  is 
approximately  16  GPa*.  In  contrast, 
most  glass  objects  exhibit  fracture 
strengths  in  the  range  of  35  to  140  MPa 
while  carefully  prepared  fused  silica 
fibers  have  attained  strengths  of  up  to 
about  6 GPa.  It  is  well  established, 
both  theoretically  and  experimentally, 
that  the  discrepancy  between  the  theore- 
tical and  observed  strengths  in  glass 
(and  in  other  brittle  solids)  is  due  to 
the  presence  of  flaws  (inhomogeneities 
or  cracks).  In  a classic  paper  in  1920, 
Griffith  used  a thermodynamic  argument 
to  show  that  a flaw  in  an  elastic  solid 
becomes  unstable  when  the  rate  of  re- 
lease of  stored  elastic  energy  is  equal 
to  the  rate  of  increase  of  energy  from 
creating  new  surfaces.2  The  fracture 
strength  (Of)  is  thereby  related  to  the 
flaw  size  (ac)  by: 


*1  GPa 
psi 
1 MPa 


1 GN/m2  = 1x10®  N/m2  = 145,038 
lxlO6  N/m2 


m 


1/2 


(1) 


where  E = Young's  (elastic)  modulus,  y = 
surface  free  energy,  and  Y = geometric  con- 
stant for  the  specimen-flaw  configuration, 
Figure  1.  The  inverse  relationship  be- 
tween strength  and  the  square  root  of 
flaw  size  as  first  described  by  Griffith 
remains  the  fundamental  law  governing  the 
strength  of  optical  fibers. 

An  alternative  approach  to  estab- 
lishing a fracture  criterion  for  a lineal 
elastic  solid  was  developed  by  Irwin2  who 
analyzed  the  stresses  close  to  the  crack 
tip  rather  than  throughout  the  body. 

Irwin  defined  a parameter  called  the 
stress  intensity  factor  (Kt) , which  has 
the  units  of  stress  (MN/m2)  multiplied 
by  the  square  root  of  a dimension  (m2/2)  . 
ffe  showed  that  fracture  will  occur  when  a 
critical  value  of  the  stress  intensity 
factor  (Kic)  is  reached 


Ic 


Ya 


1/2 


(2) 


where  Kjc  = critical  stress  intensity  fac- 
tor in  the  tensile  mode.*  The  value  of 
K jc  for  a particular  material  is  a con- 
stant and  can  be  determined  with  Equation 
(2)  by  creating  a flaw  of  a known  size 
(ac)  in  a simple  geometry  specimen  which 
establishes  Y and  measuring  the  fracture 
strength  (af ) . The  critical  size  of  a 
crack  in  a fused  silica  optical  fiber  can 
be  estimated  with  Equation  (2) . The  di- 
mensionless geometric  constant  Y for  a 
part-through  semicircular  crack  at  a fibei 
surface  with  a crack  plane  normal  to  the 
fiber  axis  is  1.24  and  Klc  for  fused  sili- 
ca is  0.8  MN/m3/2  so  that  the  fracture 
strength  versus  crack  size  relationship  i: 
Figure  2 is  obtained.  As  an  example,  a 
fracture  strength  of  1 GPa  is  a result  of 
a 0.4  pm  flaw. 

*This  simplified  example  is  part  of  the 
field  known  as  fracture  mechanics;  there 
are  numerous  review  papers  and  books  on 
the  subject  of  the  mechanics  of  fracture 
including  (4)  and  (5). 
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In  order  to  understand  the  strength 
of  glass,  one  must  also  recognize  that 
glass  contains  many  flaws,  with  a distri- 
bution of  flaw  sizes.  Moreover,  the  lar- 
gest crack  will  usually  be  different  in 
each  glass  body.  Thus  one  must  apply 
statistics  to  describe  glass  strength. 
Weibull6  empirically  postulated  a simple 
power  law  for  the  distribution  of  strength 
(flaws)  in  engineering  materials.  The 
"Weibull"  expression, 

inln  = In  V + m In  - (3) 

1-F  a 

o 

where  F = cumulative  probability  of  fail- 
ure, V = volume  of  sample,  and  m and  oQ 
are  characteristic  constants  of  the  dis- 
tribution, has  often  been  applied  to  the 
analysis  of  the  fracture  of  brittle  mate- 
rials. In  the  case  of  glass,  since  sur- 
face flaws  normally  control  the  fracture 
strength,  V in  Equation  (3)  can  be  re- 
placed by  A (Area),  L (Length)  or  d (dia- 
meter) whichever  variable  principally 
characterizes  the  surface. 

The  strength  of  glass  must  be  re- 
ported either  as  a complete  distribution 
or  for  convenience  by  some  statistically 
representative  value;  it  is  common  to  use 
the  median  strength  where  F = 0.5  and 
that  is  what  is  used  in  this  paper. 

A basic  assumption  of  the  Griffith 
or  Irwin  analyses  is  that  the  critical 
size  flaw  is  stable  (does  not  grow)  at 
o < Of,  but  becomes  unstable  and  propa- 
gates rapidly  across  the  specimen  at  o = 
Of.  This  assumption  is  valid  only  for 
very  high  stressing  rates  or  in  an  inert 
environment  (e.g.,  vacuum  or  a dry  gas). 
At  normal  loading  rates  the  local  envi- 
ronment at  the  surface  of  a glass  can 
have  a substantial  detrimental  effect  on 
the  strength.  The  basic  phenomenon  in- 
volved is  the  slow  growth  of  flaws  in  an 
active  environment  (often  referred  to 
as  "subcritical  crack  growth").  This 
slow  flaw  growth  results  in  fracture  at 
a lower  stress  than  would  occur  in  an 
inert  environment,  where  flaws  are  stable 
until  the  fracture  criterion  is  satis- 
fied and  unstable  rapid  fracture  takes 
place.  It  is  this  slow  surface-flaw 
growth  that  leads  to  time- dependent  frac- 
ture in  glass. 

There  are  two  common  manifestations 
of  time-dependent  fracture  which  result 
from  the  manner  in  which  the  stress  is 
applied.  If  the  applied  stress  is  main- 
tained at  a constant  value  below  the 
inert  strength  then  the  glass  can  frac- 
ture after  a period  of  time  in  an  active 
environment  and  this  behavior  is  known  as 
"static  fatigue."  On  the  other  hand,  if 
the  applied  stress  is  continually 


increasing  (such  as  in  a standard  tensile 
test) , then  the  strength  in  an  active  en- 
vironment will  be  lower  than  in  an  inert 
environment  and  this  behavior  is  known  as 
"dynamic  fatigue." 

In  glass,  water  in  the  environment 
is  primarily  responsible  for  slow  crack 
growth.  Relatively  low  concentrations  of 
water  can  cause  long  term  failures  by 
static  fatigue  at  stresses  well  below  one- 
half  of  the  inert  strength.  Fused  silica 
shows  a time-dependent  strength  so  that 
this  phenomenon  is  of  concern  for  the 
survival  of  optical  fibers  under  the 
stresses  and  environments  encountered 
during  manufacturing,  installation  and 
service.  Time-dependent  fracture  is  the 
focus  of  this  paper. 

Analytical  Description  of  Time-Dependent 
Fracture 

The  most  prominent  theories  for  the 
specific  mechanism  of  time-dependent  frac- 
ture in  glass  are  critically  reviewed  by 
Wiederhorn,7 > 8 Adams  and  McMillan8  and 
Pavelcheck  and  Doremus.10  The  stress- 
corrosion  mechanism  developed  by 
Charlesll"H  and  later  by  Charles  and 
Hilligl4/15  can  be  used  to  explain  most 
of  the  available  data  for  static  fatigue 
and  dynamic  fatigue  in  a variety  of  glass 
compositions,  temperatures  and  chemical 
environments.  The  stress-corrosion  mecha- 
nism postulates  a stress-and-temperature- 
dependent  chemical  reaction  which  controls 
the  rate  of  growth  of  the  pre-existing 
surface  flaws.  The  analytical  descrip- 
tion of  stress  corrosion  leads  to  a rela- 
tionship between  the  nominal  applied 
stress  (away  from  the  flaw)  and  the  time- 
to-fracture.  The  maximum  size  surface 
flaw  gives  the  highest  stress  concentra- 
tion at  the  flaw  tip,  and  hence  the  fas- 
test rate  of  stress  assisted  chemical 
breaking  of  primary  atomic  bonds  at  that 
point. 

In  this  paper,  we  do  not  attempt  to 
establish  the  suitability  of  any  parti- 
cular mechanism  for  static  fatigue.  In- 
stead, for  analytical  convenience,  we 
choose  at  first  to  adopt  the  stress- 
corrosion  model  of  Charlesllil2  and  exam- 
ine the  static  fatigue  and  dynamic  fatigue 
behavior  of  polymer  coated  fused  silica 
optical  fibers. 

The  static  fatigue  model  of  Charles, 12 
where  the  flaw  growth  rate  is  a power 
function  of  stress,  results  in 


logts  = -nlogog  + logkg  (4) 

where  n (the  exponent  in  the  power  func- 
tion) and  ks  are  characteristic  constants 
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for  a material,  geometry  and  environment. 
Similarly,  Charles**  showed  that  for  dyna- 
mic fatigue 

logc>d  = (l+n)-1logo  + (l+n)”Hogkd  (5) 
or 

logtd  = -nlogod  + logkd  (fa) 

where  a,  = dynamic  fatigue  strength,  a = 
stressing  rate,  t<j  = time  to  failure  in 
dynamic  fatigue  and16 


logkd  = logkg  + log(n+l).  (7) 

Further  insight  into  the  characteris- 
tic parameter  ks  is  provided  by  the  frac- 
ture mechanics  analysis  of  Evans*7'!8  who 
used  a power  law  for  flaw  velocity  (v) 
analogous  to  that  proposed  by  Charles,*2 
except  that  the  former  employs  the  stress 
intensity  factor  (Kj ) as  the  independent 
variable: 


An  independent  measurement  of  of  in- 
volves tensile  testing  under  conditions 
where  slow  crack  growth  is  completely 
inhibited,  e.g.,  at  a very  low  tempera- 
ture, at  a very  high  strain  rate  or  in  a 
dry  environment.  The  parameter  Kjc  can 
be  determined  for  the  glass  composition 
of  interest  by  bulk  sample  fracture  me- 
chanics tests  and  the  parameter  Y can  be 
calculated  if  the  flaw  shape  is  known. 

Examples  of  Time-Dependent  Fracture 

Kalish  and  Tariyall9  measured  the 
effect  of  stress  rate  from  3.0  to  0.061 
GPa/S  on  the  tensile  strength  (o s ) of 
5.0cm  gage  length  specimens  of  a polymer 
(ethylene  vinyl  acetate)  coated  fused 
silica  optical  fiber  tested  at  each  of 
four  relative  humidities  (RH)  from  2 to 
97%  at  23°C.  The  plots  of  log  median  a<j 
versus  6 are  shown  in  Figure  3 along  with 
the  values  of  the  flaw  velocity  exponent 
n obtained  from  each  slope  (n+l)“*.  The 
value  of  n decreases  from  29.0  at  2%  RH 
to  15.9  at  97%  RH  showing  a very  pro- 
nounced effect  of  humidity  on  the  dyna- 
mic fatigue  of  the  fused  silica  fibers. 


v = at  = AKin  <8) 

where  A and  n are  characteristic  crack 
growth  parameters.  Equation  (8)  can  be 
combined  with  the  basic  fracture  mecha- 
nics relationships: 


where  a = flaw  size,  Y = geometric  con- 
stant, o = applied  stress,  ac  = critical 
crack  size  for  fracture,  Kjc  = critical 
stress  intensity  factor  and  Of  = inert 
environment  strength  to  give  an  equation 
that  is  the  analog  of  Equation  (4) : 


logts  = -nlogog  + (n-2)logo^ 


+ log 


2 

AYi(n-2)KIcn-i 


(10) 


Similarly  for  dynamic  fatigue,  the  frac- 
ture mechanics  analysis*7  leads  to  an 
equation  that  is  the  analog  of  Equation 
(5)  . 


The  crack  growth  parameter  A in 
Equation  (8)  was  calculated  for  each 
humidity  from  the  intercepts  in  Figure 
3 by  using  Equations  (5)  and  (11)  and 
the  results  are  summarized  in  Table  1. 

The  dynamic  fatigue  measurements  at 
the  four  humidities  can  be  used  to  calcu- 
late the  median  static  fatigue  behavior 
according  to  Equation  (4)  where  the  n 
values  are  listed  in  Table  1 and  ks  are 
calculated  with  Equation  (7) . The  pre- 
dicted effect  of  humidity  on  the  time- 
to-failure  is  dramatic;  for  example,  for 
a static  fatigue  strength  of  2.5  GPa  the 
97%  RH  environment  gives  a life  of  about 
one  hour  while  the  2%  RH  environment 
gives  a life  of  several  years. 

The  static  fatigue  of  61cm  gage 
length  specimens  of  a polymer  (ethylene 
vinyl  acetate)  coated  fused  silica  opti- 
cal fiber  in  97%  RH  is  shown  in  Figure 
4. *9  The  range  of  measured  failure  times 
in  Figure  4 can  be  evaluated  in  terms  of 
the  cumulative  probability  of  failure.*8 
Equations  (3)  and  (10)  can  be  combined8'*® 
to  give: 


*ogts 


-nlogag  + ^n~-2-  loglog  (1-F) 


(n+l)logod  - logo  + log(n+l)  + (n-2)logof 


+ (n-2)logo0  - -logL  + logD  (12) 


+ 


log 


2 

AY2(n-2)KIcn-J 


(IX)  In  the  Kalish  and  Tariyal  study,*®  the 

parameter  logoQ  = 0.762  was  calculated  for 
the  measured  median  ts  at  each  os  (the 
data  in  Figure  4) , and  the  constant  logD  = 


! 
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-0.413  contains  the  constants  Y,  Kic,  n 
and  A for  the  97%  humidity  static  fatigue 
condition,  the  values  of  which  were  pre- 
viously noted.  Consequently,  calculated 
probability  plots  for  static  fatigue 
condition,  the  values  of  which  were  pre- 
viously noted.  Consequently,  calculated 
probability  plots  for  static  fatigue 
failure  times  were  generated  for  the 
three  stress  levels  used  in  the  measure- 
ments; the  calculated  curves  and  mea- 
sured points  are  show.:  in  Figure  5.  The 
measured  ts,  which  typically  span  about 
2 to  3 decades,  all  lie  in  a reasonable 
range  between  F = 0.1  and  0.9,  which 
supports  the  fracture  mechanics  descrip- 
tion of  the  static  fatigue  process  in 
optical  fiber. 

The  static  fatigue  behavior  as  pre- 
dicted from  dynamic  fatigue  measurements 
can  be  compared  to  calculated  static 
fatigue  behavior  based  upon  static  fa- 
tigue measurements.  The  97%  RH  results 
for  the  ethylene  vinyl  acetate  coated 
optical  fiber  in  Figures  3 and  4 pro- 
vides a convenient  basis  for  such  a com- 
parison. First,  the  parameter  log  ks, 
Table  1,  as  determined  by  dynamic  fa- 
tique  measurements  must  be  adjusted  to 
account  for  the  difference  between  the 
5cm  gage  length  used  in  those  measure- 
ments and  the  61cm  gage  length  used  in 
the  static  fatigue  measurements.  This 
is  done  by  comparing  dynamic  and  inert 
strength  measurements  at  equal  probabil- 
ities of  failures, 19  and  it  is  found  that 
the  gage  length  adjusted  log  ks  from 
Table  1 is  9.31  for  the  97%  RH  case.  In 
Table  2,  the  static  fatigue  strength 
levels  predicted  from  the  two  types  of 
tests  for  three  nominal  failure  times 
are  compared  and  found  to  be  in  excel- 
lent agreement.  This  illustrates  the 
validity  of  making  short  term  dynamic 
fatigue  measurements  for  the  purpose  of 
engineering  predictions  of  longer  term 
static  fatigue  performance. 

Crack  Growth  Law 

Minnear  and  Bradt22  collected  crack 
growth  results  for  a number  of  ceramics 
and  glasses,  and  showed  a reasonable 
linear  correlation  between  logA  and  n. 

A similar  correlation  between  the  crack 
growth  parameters  n and  logA  for  fused 
silica  only  is  presented  in  Figure  6; 
the  data  used  to  establish  this  correla- 
tion is  summarized  in  Table  3.  The  data 
points  in  Figure  6 represent  dynamic 
fatigue  and  static  fatigue  measurements 
on  fused  silica  fibers  and,  in  one  case, 
direct  crack-growth  measurements  on 
f used-silica  sheets  where  sufficient 
information  was  available  for  us  to 
calculate  logA  and  n.  There  is  an 
excellent  correlation  between  logA  and  n 


(correlation  coefficient  - 0.998)  accord- 
ing to: 


logA  = 3. 387n-ll . 598  (13) 

where  from  Equation  (11)  Kj  is  in  GNm-3/2 
and  v is  in  ms“l.  This  correlation  sup- 
ports the  stress-corrosion  mechanism  for 
time-dependent  fracture  of  glass  and  the 
applicability  of  fracture  mechanics  con- 
cepts to  the  submicron  range  of  flaws  that 
exist  in  fused  silica  optical  fibers.  The 
strong  correlation  between  logA  and  n can 
be  utilized  to  simplify  the  mechanical 
characterization  of  fused  silica  optical 
fibers.  Now  it  should  only  be  necessary 
to  establish  the  n parameter,  for  example, 
by  using  Equation  (5),  to  calculate  logA 
from  Equation  (13),  and  to  calculate  the 
inert  strength  Of  with  Equation  (11). 

Once  these  parameters  are  known,  it  is 
possible  to  calculate  what  changes  in 
environment  or  fiber  strength  are  needed 
to  provide  a specified  fiber  lifetime. 

An  important  feature  of  Figure  6 
and  Table  3 is  that  the  results  for 
different  polymer  coatings  as  well  as 
uncoated  fused  silica  cannot  be  distin- 
guished from  one  another;  they  are  all 
correlated  by  Equation  (13).  This  fact 
leads  to  the  conclusion  that  the  polymer 
coatings  do  not  influence  the  kinetics 
of  the  static  and  dynamic  fatigue  but 
merely  serve  to  protect  the  fiber  against 
mechanical  damage.  Of  course,  the  latter 
is  very  important  since  small  initial 
size  flaws  take  longer  to  grow  to  a criti- 
cal size  at  a given  stress  level. 

Zero  Stress  Aging 

The  preceding  discussion  of  static 
and  dynamic  fatigue  shows  that  they  are 
different  manifestations  of  the  same 
phenomenon.  Under  ideal  circumstances, 
a cable  could  be  installed  with  no  resi- 
dual stresses  on  the  fibers.  However, 
the  fibers  may  still  be  stressed  at  a 
later  time  during  routine  maintenance, 
repairs  or  other  work  done  in  the  vicin- 
ity of  the  cable.  Consequently,  whether 
exposure  to  moisture  under  zero  stress 
is  detrimental  to  the  subsequent  strength 
of  the  fibers  is  of  interest. 

Tariyal  and  Kalish26  recently  studied 
the  effect  of  aging  in  different  environ- 
ments on  the  strength  of  polymer-coated 
optical  fibers.  The  effect  of  aging  in 
deionized  water  for  either  10  or  100  days 
at  23°C  and  of  drying  at  50°C  in  a vacuum 
of  0.05  mm  Hg  for  7 days  are  summarized 
in  Figure  7 in  terms  of  median  strengths. 26 
A 13%  decrease  in  ambient  (-50%  relative 
humiditv  and  ~23°C)  strenath  to  4.78  GPa 
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occurs  after  10  days  of  aging  (no  drying) 
and  a further  3*  decrease  in  ambient 
strength  to  4.63  GPa  occurs  upon  aging 
for  100  days.  The  observation  that  the 
rate  of  strength  degradation  decreases 
with  aging  time  is  in  agreement  with  the 
observations  of  Fox  et.al.,27  and  of  Wang 
and  Zupko.28  The  ambient  strength  of 
fibers  aged  for  10  days  is  recovered  to 
within  3%  of  the  original  ambient  strength 
by  drying.  The  ambient  strength  of  fibers 
aged  for  100  days  is  not  recovered  to  the 
same  extent  by  drying;  here  the  strength 
comes  back  to  within  only  11*  of  the  ini- 
tial ambient  strength.  The  ambient 
strength  results  alone  are  not  conclu- 
sive with  respect  to  the  question  of  per- 
manent damage  to  the  fibers  under  zero- 
stress  aging.  When  the  fiber  aged  for 
100  days  and  dried  is  tested  in  inert 
conditions,  the  strength  is  equivalent 
to  (within  1%)  the  initial  inert  strength. 

In  addition,  it  was  found  that  aging  for 
5 months  under  ambient  conditions  has  no 
effect  on  either  the  ambient  or  the  inert 
strength  of  coated  optical  fibers  (not 
shown  here),  in  agreement  with  Fox  et.al.22 

Since  fibers  do  not  show  a decrease 
in  the  inert  strength  on  aging  either  in 
ambient  or  in  deionized  water,  the  loss 
of  ambient  strength  after  aging  in  water 
cannot  represent  flaw  growth.  Aging  in 
the  presence  of  water  evidently  prepares 
a crack  surface  to  undergo  dynamic  fa- 
tigue on  subsequent  testing  by  saturating 
the  polymer  coating  with  water  and  estab- 
lishing a high  humidity  environment  at 
the  crack  tip,  due  to  absorption  of  water 
molecules  at  the  polymer-glass  interface 
as  well  as  flaw  surfaces.  The  incomplete 
recovery  on  drying.  Figure  7,  indicates 
that  7 days  at  50°C  under  a partial 
vacuum  of  0.05  mm  of  Hg  is  not  sufficient 
to  get  all  the  chemisorbed  water  off  the 
glass  surface. 29  Again,  the  fact  that 
the  inert  strength  is  recovered  to  with- 
in 1*  of  the  original  strength  indicates 
that  no  permanent  damage  (i.e.,  flaw 
growth)  occurs  during  aging. 

Design  Considerations 

The  survival  of  long  lengths  of  fibers 
exposed  to  stresses  arising  from  the  manu- 
facture and  installation  of  optical  cables 
is  crucial  to  an  economically  successful 
application  of  long  distance  optical 
communication.  From  an  engineering  design 
point  of  view  one  needs  to  guarantee  that 
long  lengths  of  fibers  have  a certain  mini- 
mum strength  , and  a certain  minimum  static 
fatigue  life  under  service  conditions.  It 
is  very  difficult  to  demonstrate  compliance 
with  these  two  requirements  because  of  the 
size  and  time  dependence  of  glass  strength 
as  discussed  in  this  paper  and  as  is  re- 
viewed by  Kalish  et.al.^8 
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One  way  of  establishing  the  long 
length  strength  is  through  a suitable 
statistical  analysis  of  the  short  length 
data  in  order  to  obtain  the  pertinent 
statistical  distribution  parameters;  see 
for  example  References  6,  31  and  32. 

These  parameters  can  then  be  used  to 
estimate  long  length  strengths . 33-35 
However,  fiber  strengths  in  general  show 
multimodal  strength  distributions, 
arising  from  flaw  populations  of  differ- 
ent physical  origins.  The  predominant 
mode  ir.  any  sample  population  is  deter- 
mined by  factors  such  as  gage  length, 
number  of  tests,  and  various  fiber  pro- 
cessing parameter  s35-36  and  this  may  not 

correspond  to  the  flaw  population  in 
the  entire  sample  which  is  controlling 
the  strength  in  long  lengths.  Conse- 
quently, the  estimation  of  the  long 
length  strength  from  short  length  data 
cannot  be  accomplished  with  any  useful 
degree  of  reliability.  In  the  absence 
of  a reliable  analytical  estimation 
method,  there  are  two  possible  alter- 
natives for  ensuring  a minimum  strength 
in  long  optical  fibers,  namely  nondes- 
tructive inspection  (NDI)  and  proof 
testing.  At  the  present  time,  a suit- 
able NDI  technique  to  detect  the  appro- 
priate flaw  size  range  (0.02  ym  to  2 urn) 
in  fibers  is  not  available  and  therefore, 
proof  testing  offers  an  attractive  means 
of  ensuring  the  mechanical  reliability 
of  glass  fibers. 

Theory  of  Proof  Testing 


In  proof  testing,  an  optical  fiber 
is  subjected  to  a tensile  load  greater 
than  that  expected  in  any  subsequent 
step  during  cable  manufacturing,  in- 
stallation or  service.  The  fibers  which 
fail  the  proof  test  are  rejected.  The 
mathematical  foundation  for  the  selec- 
tion of  the  proof  test  load  and  estab- 
lishment of  the  proof  test  conditions  for 
brittle  materials  is  well  developed. 37-39 
All  specimens  containing  flaws  larger  than 
the  critical  flaw  size  will  fail  because 
the  stress  intensity  factor  at  the  crack 
tips  will  exceed  the  critical  stress  in- 
tensity factor  Kjc.  For  the  fibers  which 
survive  the  proof  test. 


Kt  > K 
Ic  p 


a Y/aT 
P i 


(14) 


where  Kp  is  the  stress  intensity  factor 
developed  during  the  proof  test  at  the 
largest  flaw  in  the  surviving  fiber,  Y 
is  the  geometric  constant,  Op  is  the 
proof  stress  and  ai  is  the  initial  size 
of  the  largest  flaw.  Thus,  for  any  applied 
stress  aQ  below  the  proof  stress  level, 
the  maximum  initial  stress  intensity  fac- 
tor Kii  is; 


Kii  * KIc  (15) 

Equation  (15)  describes  the  protec- 
tion against  short  term  overload  on  the 
fiber,  i.e.,  a simple  result  of  the  frac- 
ture mechanics  analysis  is  that  the  fiber 
will  not  break  at  instantaneous  stresses 
below  the  proof  test  stress. 

If  the  applied  stress  a < Op  is  main- 
tained for  a long  time  in  an  active  envi- 
ronment then  static  fatigue  can  occur. 
However,  since  the  fiber  survived  the 
proof  test,  a maximum  possible  size  flaw 
has  been  guaranteed  failure  time  due  to 
static  fatigue  is  also  established.  ® 

The  development  of  the  expression  for  the 
time-to-failure  follows  the  arguments 
presented  earlier  except  that  Equation 
(15)  is  used  in  place  of  Equation  (9) . 

The  result  for  the  power  law  flaw  growth 
model  is: 


ts(min.)  ~ Bop  ^as  ° 

where  B = 2/AY^  (n-2)  Kjc  ^n“2'  and  as  is 
now  the  applied  stress  that  leads  to  a 
static  fatigue  failure  in  time  ts  (min) 
or  greater. 

The  benefits  of  proof  testing  of 
long  length  optical  fibers  on  the  subse- 
quent survival  of  these  fibers  in  light- 
guide  cables  have  been  documented  by 
Tariyal  et.al.^l  The  cable  tests  showed 
that  cables  containing  fibers  which  had 
been  proof  tested  at  207  MPa  showed  no 
fiber  breaks  until  the  strain  on  the 
cable  core  (containing  the  fibers)  was 
approximately  equal  to  or  greater  than 
the  prior  proof  test  strain  level.  In 
contrast,  a cable  containing  fibers  that 
were  not  proof  tested  showed  fiber  breaks 
at  cable  core  strains  well  below  the 
equivalent  proof  test  strain  level. 

The  relation  between  the  time-to- 
failure  and  the  applied  stress  for  a 
proof  tested  fiber,  Equation  (16)  can 
be  used  to  provide  a graphical  aid  for 
predicting  service  life.  In  Figure  8, 
failure  time  is  plotted  as  a function 
of  applied  stress  for  three  different 
proof  stress  levels.  Such  a diagram  is 
called  a life  prediction  diagram. 3® 

Life  prediction  diagrams  can  be  used 
in  several  ways:  to  predict  the  life- 
times under  certain  residual  loads,  or  to 
specify  the  maximum  allowable  residual 
stress  in  an  installed  cable  for  a speci- 
fic service  life.  In  addition,  if  the 
residual  load  is  constrained  at  some  mini- 
mum value  then  the  life  prediction 


diagrams  can  be  used  to  determine  the 
proof  stress  which  will  assure  adequate 
service  life  under  the  given  conditions. 

The  reliability  of  all  these  predictions, 
however,  depends  or.,  (1)  conducting  a pro- 
per proof  test  and  (2)  obtaining  accurate 
values  of  the  material  parameters  to  use 
in  Equation  (16). 

Sequence  of  Loading 

The  time-to-failure  in  static  fatigue 
predicted  by  Equations  (10)  or  (16)  ac- 
counts for  only  a single  applied  stress 
level  throughout  the  lifetime.  .As  a prac- 
tical matter,  an  optical  fiber  which  is 
drawn,  polymer  coated  , and  proof  tested 
will  probably  be  subjected  to  a sequence 
of  stress-time  interval  combinations 
representing  cable  construction,  storage 
on  a reel,  installation  in  the  field,  and 
residual  stresses  in  service.  The  analyses 
presented  in  previous  sections  do  not  con- 
sider the  accumulation  of  damage  (flaw 
growth)  that  can  occur  in  each  stage  of 
sequential  loading.  The  physical  model  to 
be  considered  is  to  start  with  an  initial 
maximum  size  flaw  ap  as  established  by  the 
proof  test  stress  Op  and  then  let  that  flaw 
grow  in  an  active  environment  under  stress 
&i  for  time  t^  where  t^  is  less  than  the 
static  fatigue  time-to-failure  at  If 

the  fiber  eventually  is  placed  in  service 
under  stress  oa,  what  is  the  expected  life- 
time? The  analytical  solution  to  this 
problem  simply  involves  following  the  flaw 
growth  through  each  stress-time  interval 
and  leads  to 


tsfmin)  “ B°pn-2os-n 


i-1 


The  first  term  on  the  right  hand  side  of 
Equation  (17)  is  the  same  as  in  Equation 
(16),  i.e.,  a minimum  time-to-failure 
based  upon  the  proof  test  alone.  The 
second  term  represents  the  further  reduc- 
tion in  lifetime  because  of  various  stres- 
sing sequences.  Since  the  second  term  is 
independent  of  the  sequence  of  summation, 
the  time-to-failure  will  depend  upon  the 
proof  test  stress,  the  final  applied 
stress  and  the  intermediate  applied  stress/ 
time  combinations  but  not  on  the  sequence 
of  the  intermediate  stress/time 
combinations . 


Conclusions 


1.  Polymer-coated  f used-silica  optical 
fibers  are  susceptible  to  static  fatigue 
and  to  dynamic  fatigue,  independent  of 
the  presence  or  type  of  coating. 

2.  Time-dependent  fracture  in  fused- 
silica  optical  fibers  can  be  described 
from  a fracture  mechanics  viewpoint  with 
crack  growth  rate  being  represented  by  a 
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power  function  of  the  stress  intensity 
factor. 

3.  Dynamic  fatigue  and  static  fatigue  of 
polymer-coated  fused-silica  fibers  appear 
to  be  two  manifestations  of  the  same  phe- 
nomenon, i.e.,  the  stress-corrosion  of 
glass  following  the  mechanism  proposed  by 
Charles11-11  and  elaborated  upon  by  Charles 
and  Hillig. 14-15 

4.  There  is  a strong  correlation  between 
the  crack-growth  parameters  A and  n for 
fused  silica  in  the  power  function  crack- 
growth  law  v = AKjn,  independent  of  the 
test  method  or  environment  used  for  estab- 
lishing A and  n and  of  whether  the  glass 
has  a polymer  coating  or  not.  This  pro- 
vides a convenient  analytical  tool  for 
predicting  failure  times  due  to  static 
fatigue . 

5.  The  aging  of  polymer-coated  fused- 
silica  optical  fibers  in  water  under  zero 
stress  leads  to  a decrease  in  strength 
but  no  growth  in  flaw  size  during  aging. 
The  effect  is  thought  to  be  due  to  the 
establishment  of  a high  humidity  environ- 
ment at  the  crack  tip  which  promotes 
rapid  dynamic  fatigue  during  subsequent 
testing. 


8.  S.  M.  Wiederhorn  in  Fracture  Mechanics 
of  Ceramics  Vol.  3,  ed.  R.  C.  Bradt  et  al 
(Plenum  Press,  N.Y.),  549-89  (1978). 

9.  R.  Adams  and  P.  W.  McMillan,  J.  Mater. 
Sci.,  12,  643-657  (1977). 

10.  E.  K.  Pavelchek  and  R.  H.  Doremus, 

J.  Non-Cryst.  Sol.,  20,  305-321  (1976). 

11.  R.  J.  Charles,  J.  Appl . Phys.  29  (1) 
1449-53  (1958). 

12.  R.  J.  Charles,  J.  Appl.  Phys.  29  (1) 
1554-60  (1958). 

13.  R.  J.  Charles,  J.  Appl.  Phys.  29  (11) 
1657-1662  (1958). 

14.  R.  J.  Charles  and  W.  B.  Hillig,  in 
Symposium  on  the  Mechanical  Strength  of 
Glass  and  Ways  of  Improving  It.  (Union 
Scientifique  Continentale  du  Verre) 
paper  II-3  (1961) . 

15.  W.  B.  Hillig  and  R.  J.  Charles,  in 
High  Strength  Materials  ed.  V.  F.  Zackay 
(Wiley,  New  York)  pp.  682-701  (1965). 

16.  R.  J.  Charles,  J.  Non-Cryst.  Solids 
18,  273-74  (1974). 


6.  Proof  testing  of  optical  fibers  pro- 
vides a guaranteed  minimum  fracture 
strength  and  minimum  lifetime  due  to 
static  fatigue.  However,  the  complete 
stress-time  interval  history  following 
the  proof  test  must  be  considered  in 
order  to  make  a useful  prediction  of 
the  service  lifetime  guaranteed  by  the 
proof  test. 


17.  A.  G.  Evans,  Int.  J.  Fract.  10(2) 
251-259  (1974). 

18.  A.  G.  Evans  and  S.  M.  Wiederhorn, 
Int.  J.  Fract.  10(3)379-92  (1974). 

19.  D.  Kalish  and  B.  K.  Tariyal,  J. 
Amer.  Ceram.  Soc.,  61(11-12),  (1978) 
to  be  published. 
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existing  Elliptical  Flaw  of  Length  2C. 


MtACTUM  SUiNOtH  CT  , (Of.l 

Fig.  2.  Flaw  Size  Versus  Fracture 
Strength  Relationship  Based  Upon  Fracture 
Mechanics  Model  of  Part  Through  Semi- 
circular Surface  Flaw  Normal  to  the  Axis 
of  a Fused  Silica  Fiber. 
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Fig.  3.  Effect  of  Relative  Humidity  on 
Dynamic  Fatigue  of  a Polymer  Coated  Fused 
Silica  Optical  Fiber.  Linear  Regression 
Correlation  Coefficient  = r.^-9 
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Fig.  4.  Static  Fatigue  of  a Polymer 
Coated  Fused  Silica  Optical  Fiber  in  97% 
Relative  Humidity.19 
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Fig.  6.  Correlation  Between  Crack  Growth 
Parameters  n and  A for  Fused  Silica. 
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Fig.  5.  Predicted  Probability  of  Static 
Fatigue  Time-to-Failure  at  Three  Strength 
Levels  (Lines) . Measured  Times-to-Failure 
Shown  on  Each  Curve  (Points). 19 
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Fig.  7.  Effect  of  Aging  in  Deionized  Water 
at  23°C.26  UVC-Epoxy  Acrylate  Coated  Fiber 
Furnace  Drawn  and  Aged  (Gage  Length  = .05m, 
Strain  Rate  = . 04S~1,  50  Replicate  Tests). 
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Fig.  8.  Calculated  Minimum  Time-to- 
Failure  (tfm)  versus  Constant  Applied 
Stress  (a)  for  Polymer  Coated  Fused  Silica 
Optical  Fibers  Loaded  in  Very  High  ('97%) , 
Ambient  (-45%)  and  Very  Low  ('2%)  Relative 
Humidities. 


TABLE  1 


Summary 

of 

Results 

of  Stress 

Rate  Tests  for 

Fused  Silica  Fiber 

Relative 

Humidity 

n 

loqks 

Correlation 
Coeff icient 

loqA 

2% 

29.0 

19.96 

0.94 

85.03 

45% 

25.5 

17.04 

0.94 

74.11 

71% 

16.1 

10.18 

■>0. 99 

44.26 

97% 

15.9 

9.87 

'0.  99 

43.75 

NOTES: 

1.  Using 

med i an 

strengths  on  5cm  gage  length  specimens. 

2.  k. 

from  logkj 

• logkg  ♦ 

log (n*l) . 

3.  For  stress  in  GPa  and  time  in  seconds. 


TABLE  2 

Comparison  of  Predicted  Static  Fatigue  Strengths  Based  Upon 
Dynamic  Fatigue  Measurements  and  Static  Fatigue  Measurements* 


Failure  Time 

Us) 

1 month 
1 year 
10  years 


Predicted  Static  Fatigue  Strength,  os 
From  Measurements  of: 

Static  Fatigue  Dynamic  Fatigue 

1.58  GPa  1.52  GPa 

1.33  1.23 

1.14  1.12 


•Coated  Fused  Silica  Optical  Fiber  in  97%  RH,  61cm  gage  length. 


Summary  of  Crack  Growth  Parameters*  for  Fused  Silica 


Gage 


Type  of 

Type  of 

Envi ron- 

Length 

°IC 

Measurement 

Specimen 

ment 

cm 

GPa 

n 

log  A 

Ref. 

Dynamic  Fatigue 

Coated  Optical  Fiber 

97%RH 

5 

6.76 

15.87 

43.750 

19 

Dynamic  Fatigue 

Coated  Optical  Fiber 

71%RH 

5 

6.76 

16.08 

44.257 

19 

Dynamic  Fatigue 

Coated  Optical  Fiber 

Ambient 

5 

6.76 

25.47 

74.621 

19 

Dynamic  Fatigue 

Coated  Optical  Fiber 

2%RH 

5 

6.76 

29.01 

85.031 

19 

Static  Fatigue 

Coated  Optical  Fiber 

97%RH 

61 

6.16 

14.29 

37.566 

19 

Direct  Crack  Growth 

Bulk  sheet  Uncoated 

Water 

- 

- 

31.56 

98.279 

23 

Static  Fatigue 

Uncoated  Silica  Fiber 

Ambient 

-10 

7.52 

20.24 

56.004 

24 

Dynamic  Fatigue 

Coated  Optical  Fiber 

55%RH 

30 

5.67 

22.23 

61.493 

25 

Dynamic  Fatigue 

Coated  Optical  Fiber 

97%RH 

5 

5.43 

19.18 

53.195 

Static  Fatigue 

Coated  optical  Fiber 

97%RH 

61 

5.65 

15.19 

39.618 

Dynamic  Fatigue 

Coated  Optical  Fiber 

97%RH 

5 

5.29 

16.54 

44.153 

Dynamic  Fatigue 

Coated  Optical  Fiber 

Ambient 

5 

5.29 

16.53 

43.807 

Static  Fatigue 

Coated  Optical  Fiber 

Ambient 

5 

5.29 

24.55 

71.044 

Static  Fatigue 

Coated  Optical  Fiber 

97%R|I 

61 

5.17 

15.05 

39.327 

•a  in  GPa,  Kj  in  GNm"J/2.  V in  ms"1,  t in  s 


341 


SOME  RECENT  RESULTS  ON  FRACTURE  STRESS 
AND  MIRROR  SIZE  FOR  OPTICAL  FIBERS 


S.  T.  Gulati,  C.  B.  King  and  F.  Quan 


Corning  Glass  Works 
Corning,  N.  Y.  14830 


This  paper  presents  some  recent  data  on 
the  strength  and  the  corresponding 
fracture  mirror  size  of  optical  fibers. 
The  cladding  glass  compositions  consid- 
ered are:  borosilicate  glass  with 
15  - 20%  BjOj,  96%  silica  glc.ss  and  100% 
silica  glass.  The  data  confirms  the 
constancy  of  the  product  of  fracture 
stress  and  the  square  root  of  mirror 
radius.  The  latter  can  be  conveniently 
measured  with  the  aid  of  an  optical 
microscope  and  provides  an  efficient, 
reliable  way  for  the  fiber  user  to 
access  the  fracture  stress. 


Introduction 

This  paper  presents  some  recent  data  on 
the  strength  and  the  corresponding  mir- 
ror size  of  optical  fibers  with  three 
different  cladding  compositions.  The 
cable  manufacturers  and  other  fiber 
users  are  often  interested  in  assessing 
the  stress  at  which  fiber  fails,  partic- 
ularly during  handling  and  the  cable 
manufacturing  process.  The  technique 
described  here  uses  an  optical  micro- 
scope and  should  enable  the  fiber  user 
to  analyze  the  failures  quickly  and  reli- 
ably. The  three  cladding  glass  composi- 
tions considered  in  this  work  are  (i) 
borosilicate  glass  with  15  - 20  per  cent 
B2O3  or  the  OVPO  (outside  vapor  phase 
oxidation)  fiber  (ii)  96  per  cent  silica 
glass,  or  the  IVPO  (inside  vapor  phase 
oxidation)  fiber  and  (iii)  100  per  cent 
silica  glass  fiber  (Suprasil  II) . 

Earlier  data  on  strength  vs  mirror  size 
for  the  OVPO  fiber  with  < 15%  BjOj  in  the 
cladding  glass  and  for  the  silica  fiber 
were  reported  by  Maurer  et  al*  in  1974. 

It  is  well  known  that  the  fracture  stress 
is  related  to  the  flaw  size.  However, 
if  the  flaw  size  is  very  small  as  is 
commonly  the  case  for  high  strength 
fibers,  an  accurate  measurement  of  its 
size  to  determine  the  failure  stress  can 
be  difficult.  Fortunately,  it  has  been 
shown  empirically  by  previous  investi- 


2 -s 

gators  that  there  is  a linear  relation- 
ship between  the  mirror  and  flaw  sizes. 

The  former  is  easier  to  measure  since  it 
is  an  order  of  magnitude  larger  than  the 
flaw  size.  Application  of  this  relation- 
ship to  glass  fibers  has  been  carried  out 
by  Krohn  and  Hasselman*,  Maurer  et  al1  and 
more  recently  by  Mecholsky  et  al7  with 
consistent  results.  The  mirror  size  is 
most  effectively  measured  from  the  scan- 
ning electron  microscope  pictures  of  the 
fracture  surfaces  but  can  also  be  approx- 
imated with  the  aid  of  a good  optical 
microscope  with  a filar  eyepiece. 

In  addition  to  the  fracture  stress,  the 
mirror  size  is  also  a function  of  the 
glass  composition.  In  the  case  of  the 
graded-index  optical  fibers,  composition 
varies  continuously  in  the  core  and  is 
relatively  constant  in  the  cladding. 

Thus,  if  the  mirror  extends  to  the  core 
region  as  in  the  case  of  weak  fibers  it 
becomes  difficult  to  assess  the  fracture 
stress  accurately  since  the  appropriate 
constants  for  the  core  glass  are  not 
available.  This  is  one  limitation  of  the 
method  under  discussion. 


Analysis 

The  mirror  is  the  flat,  smooth  region  of 
the  fracture  surface  with  the  original  flaw 
near  its  center. * It  is  surrounded  by  a 
region  of  small  radial  ridges  called  the 
mist.  The  mist  region  is  surrounded  by  a 
region  of  larger  radial  ridges  called  the 
hackle.  Finally,  the  hackle  region  is 
surrounded  by  the  macroscopic  crack 
branching.  The  four  regions5  of  a typical 
fracture  surface  are  shown  in  Fig.  1,  in 
which  "a"  and  ”r"  denote  the  flaw  and 
mirror  sizes  respectively.  A photo- 
micrograph of  the  actual  fracture  surface 
of  100%  silica  fiber  appears  in  Fig.  2 
and  shows  the  various  regions  including 
the  mirror.  Previous  investigators'1  have 
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Kpsi  = 1000  psi 


shown  that  the  product  of  the  fracture 
stress  (or  strength)  and  the  square  root 
of  the  distance  from  the  origin  to  the 
onset  of  mist  (or  the  mirror  radius)  is 
constant  in  most  silicate  glasses. 

Ma  thema  t ica 1 ly , 


°f  * ' 


where  of  is  the  fracture  stress  and  A is 
the  mirror  constant  for  the  particular 
glass  and  is  a function  of  glass  composi- 
tion. 


and  mirror  radius  (in  pm)  along  the  Y- 
axis.  The  dotted  line  through  the  data  is 
based  on  the  mirror  constant  given  by 
Kerper  and  Scuderi5  while  the  solid  line 
is  based  on  the  regression  analysis  of  the 
fiber  data.  The  values  of  mirror  constant 
A as  given  by  Kerper  and  Scuderi5  and  by 
the  fiber  data  are  compared  in  Table  1. 


Table  1 Mirror  Constant  A 
(Kpsi  pm1/2) 

Kerper  & Present 

Glass  Composition  Scuderi5  Work 

Borosilicate  287  268 


In  their  recent  work  on  silica  fibers, 
Mecholsky  et  al7  were  able  to  distin- 
guish between  the  inner  mirror  (mirror- 
mist  boundary)  and  the  outer  mirror 
(mist-hackle  boundary)  and  observed  that 
the  mirror  to  flaw  size  ratio  was  12.5 
for  the  inner  mirror  and  16.7  for  the 
outer  mirror.  Their  stress  computations 
based  on  the  inner  mirror  were  in  good 
agreement  with  those  of  Maurer  et  al.1 
It  should  be  pointed  out,  however,  that 
unless  extreme  care  is  taken,  it  is  dif- 
ficult to  distinguish  between  the  inner 
and  outer  mirror  boundaries.  In  the 
present  work  the  average  mirror  size  was 
used  for  computing  the  fracture  stress. 

The  mirror  constant  A has  been  reported 
by  Kerper  and  Scuderi5  for  different 
glass  compositions  including  the  three 
mentioned  earlier.  These  values  were 
determined  from  flexure  tests  on  rela- 
tively large  specimens.  In  the  present 
work  the  mirror  constant  was  determined 
by  carrying  out  the  regression  analysis 
of  the  tensile  strength  vs  mirror  size 
data  for  the  actual  fibers.  Any  discrep- 
ancies in  the  A values  determined  here 
and  those  of  Ref.  5 are  attributed  to 
mode  of  testing,  specimen  size  and  the 
differences  in  glass  composition  (notably 
the  OVPO  fiber  which  has  a somewhat  dif- 
ferent composition  than  the  borosilicate 
glass,  Corning  Code  7740,  considered  by 
Kerper  and  Scuderi) . 


96%  Silica  266  270 

Suprasil  II  275  285 


The  agreement  is  good,  particularly  for 
96  per  cent  silica  and  Suprasil  II  glass- 
es. The  considerable  deviation  in  the 
case  of  borosilicate  glass  reflects  the 
substantial  differences  in  the  composition 
of  Corning  Code  7740  glass  and  the  OVPO 
cladding  glass.  It  is  believed,  however, 
that  the  constant  based  on  actual  fiber 
data  is  a better  estimate  for  assessing 
the  fracture  stress  for  optical  fibers. 

It  is  interesting  to  note  in  Fig.  3 that 
for  r > 40  pm  the  data  deviates  consider- 
ably from  the  straight  line  indicating 
that  the  mirror  has  extended  into  the 
variable-composition-core  area  for  which 
A is  not  known.  If  the  composition  of 
the  cladding  glass  is  not  known,  an  aver- 
age value  of  274  for  A should  be  used  to 
estimate  the  fracture  stress. 

The  above  discussion  pertains  to  fibers 
which  fail  from  a uniform  tensile  stress. 
The  fiber  may  also  fail  during  handling 
and  the  cable  manufacturing  process  from 
a bending  stress  which  is  nonuniform 
across  the  fiber  cross-section.  The 
relation  between  mirror  size  and  the 
fracture  stress  in  such  a situation  is 
more  complex  than  eqn . (1)  and  will  not 
be  covered  here. 


Results  and  Discussion 

The  fracture  surfaces  of  approximately  20 
fibers,  125  vim  in  diameter,  in  each  of 
the  three  categories  were  examined  under 
the  scanning  electron  microscope.  The 
mirror  radius  was  measured  from  the  SEM 
pictures  and  the  corresponding  fracture 
strength  at  20m  gage  length  was  measured 
by  the  rapid  fiber  tensile  tester8  at  a 
strain  rate  of  0.04/min.  This  data  is 
plotted  on  a log-log  paper  in  Figs.  3 
through  5 with  stress  along  the  X-axis 


Conclusions 

Recent  data  on  optical  fibers  confirm  the 
constancy  of  the  product  of  fracture 
stress  and  the  square  root  of  mirror 
radius.  The  mirror  constant  A is  in  good 
agreement  with  the  previously  published 
values,  notably  for  96  per  cent  and  100 
per  cent  silica  glasses.  The  assessment 
of  fracture  stress  from  the  measured 
mirror  size  is  an  efficient,  reliable  and 
a useful  technique,  notably  for  cable 
manufacturers  and  other  fiber  users. 
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Fig.  1 Fracture  Surface  Showing 
Different  Regions 


Fig.  2 Photomicrograph  of  Fracture 
Surface  of  100%  Silica  Fiber 


Fig.  3 Mirror  Radius  vs.  Fracture  Stress; 
OVPO  Fiber 


Fig.  4 Mirror  Radius  vs.  Fracture 
Stress;  XVPO  Fiber 


344 


• FIBER  DATA 


Charles  B.  King  is  a senior  associate  in 
process  development  at  Corning.  He 
graduated  from  Oberlin  College  with  a B.S 
in  chemistry  in  1937  and  a Ph.D.  in 
physical  chemistry  in  1940  from  the 
Massachusetts  Institute  of  Technology. 

Dr.  King  is  primarily  interested  in  glass 
strength  problems  and  has  been  associated 
with  glass  tableware,  glass  cookingware, 
radomes,  windshields,  memory  discs,  and 
more  recently  optical  fibers. 


FRACTURE  STRESS  (KSI) 


Fig.  5 Mirror  Radius  vs.  Fracture  Stress;  Suprasil  II  Fiber 


Suresh  Gulati  is  a research  supervisor  in 
the  Physical  Properties  Research  Dept,  at 
the  Corning  Glass  Works,  Corning,  NY, 
14830.  He  received  a B.S.  in  mechanical 
engineering  in  1957  from  the  University 
of  Bombay,  India,  an  M.S.  from  Illinois 
Institute  of  Technology  in  1959  and  a 
Ph.D.  in  mechanics  from  the  University 
of  Colorado  in  1966.  Dr.  Gulati 's 
research  interests  include  thermal, 
mechanical  and  rheological  properties, 
stress  analysis  and  fracture  mechanics. 


Frederic  J-Y  Quan  is  a senior  applica- 
tions development  engineer  for  the 
Telecommunication  Products  Department  at 
Corning.  He  received  his  B.S.E.E.  in 
1969  from  the  Polytechnic  Institute  of 
Brooklyn  and  an  M.B.A.  in  finance  and 
marketing  from  Adelphi  University  in 
1974.  Prior  to  his  work  at  Corning,  he 
has  been  associated  with  the  R & D 
programs  at  the  Electronics  Command  at 
Ft.  Monmouth  and  at  Hazeltine  Corp.  in 
Greenlawn,  NY.  His  present  interests 
include  new  applications  for  optical 
waveguides  and  related  transitional 
problems  in  applying  the  technology  from 
the  lab  to  practical  use. 


"LONG  LENGTH,  HIGH  STRENGTH  OPTICAL  FIBERS 
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Low  loss  and  low  dispersion  graded  index 
fibers  have  been  fabricated  in  multi- 
kilometer  length.  Fiber  lengths  more  than 
5 km  each  have  passed  proof  testing  at  ISO 
kpsi  without  mechanical  failure.  Improve- 
ments in  fiber  strength  have  been  related 
to  superior  quality  of  substrate  material, 
fiber  drawing  temperature  and  fabrication 
environments.  Characteristics  of  optical 
fibers  such  as  optical  transmission,  pulse 
dispersion,  numerical  aperture,  static 
fatique  and  dynamic  strength  will  be 
discussed . 


INTROnUCTION 


The  long  length  tensile  strength  of  low 
loss  optical  fibers  is  an  important  para- 
meter which  determines  stress  levels 
allowed  along  the  fiber  length  during 
cabling  and  under  service  environment. 

Long  length  high  strength  low  loss  fiber 
development  is  needed  to  achieve  high  pro- 
duction yield  as  well  as  to  meet  some 
systems  strength  requirements. 


In  glass  optical  fibers,  the  minimum  ten- 
sile strength  is  determined  by  the  exist- 
ence of  stress  concentration  at  flaw  tips 
on  the  fiber  surface.  Under  tensile  load- 
ing, the  stress  at  the  flaw  tip  reaches  a 
much  higher  value  over  that  of  the  exter- 
nally applied  stress  due  to  the  leverage 
introduced  by  the  flaw  geometry.  Failure 
takes  place  when  the  stresses  reach  the 
theoretical  limit  for  the  Si-0  bond  which 
is  about  2 x 106  psi.  Furthermore,  in  the 
presence  of  moisture,  the  flaws  over  the 
fiber  surface  would  enlarge  at  a stress 
level  well  below  that  of  the  Si-0  bond 
strength.  This  effect  is  known  as  static 
fatigue  or  stress  corrosion. 


In  order  to  improve  the  tensile  strength 
of  the  optical  fibers,  it  is  important  to 
develop  flaw  free  preform  and  fiber  sur- 
faces, to  maintain  the  pristine  surface 
quality  by  providing  a low  abrasion  coat- 
ing for  mechanical  protection,  and  to 
reduce  or  prevent  moisture  from  reaching 
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This  paper  describes  the  fabrication  tech- 
nique for  5 - 1 1 km  long  CVD  fibers  and  also 
discusses  the  optical  and  mechanical  per- 
formance characteristics  of  these  fibers. 


EXPERIMENTAL  PROCEDURES 


CVD  preforms  ranging  from  40  cm  to  110  cm 
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in  length  and  a diameter  of  1.3  cm  were 
fabricated  by  chemical  vapor  deposition  of 
cladding  and  core  materials  inside  a high 
purity  synthetic  or  natural  fused  quartz 
tube  and  by  collapsing  the  composite  tube 
into  a solid  preform.  The  CVD  preforms 
were  polished  with  a CO2  laser  beam  prior 
to  fiber  drawing  in  order  to  improve  the 
preform  surface  quality  by  removing  sur- 
face flaws.  The  optimum  parameters  of  COj 
laser  polishing  have  been  established  5. 

The  preforms  were  drawn  into  fibers  in  a 
clean  environment  with  an  O2/H2  torch.  As 
CO2  laser  drawing  is  limited  to  small  dia- 
meter preforms  the  COi  laser  heat  source 
could  not  be  employed  to~draw  long  length 
fibers  from  large  diameter  CVD  preforms. 

Fiber  drawing  and  the  application  of  pro- 
tective coatings  of  silicone  and  HytrelP 
were  performed  in  an  on-line  operation  in 
order  to  reduce  degradation  of  the  pristine 
fiber  strength.  A high  drawing  temperature 
was  selected  to  minimize  the  drawing  ten- 
sion. The  fiber  was  drawn  in  a clean  en- 
vironment, and  coating  parameters  and  tech- 
niques were  optimized  to  achieve  high 
coating  concentricity, to  properly  cure 
coating  materials  and  to  minimize  mechan- 
ical abrasion  of  the  fiber  during  coating. 

The  proof  test  was  performed  either  on-line 
or  off-line.  The  method  and  procedures  of 
proof  testing  were  described  elsewhere'. 
Static  fatigue  tests  were  performed  on 
short  gauge  length  samples  by  winding  the 
fiber  over  a series  of  mandrels  of  differ- 
ent sizes,  which  simulate  different  ten- 
sile strength  loads.  Time  for  the  first 
failure  to  appear  on  the  fiber  was  record- 
ed and  plotted  as  a function  of  stress. 

The  fibers  were  then  evaluated  for  optical 
loss,  pulse  dispersion  and  numerical  aper- 
ture . 

RESULTS  AND  DISCUSSION 

The  lengths  of  fibers  drawn  from  13  mm 
diameter  and  40  - 110  cm  long  preforms 
varied  from  4.5  km  to  11  km.  The  low 
attenuation  losses  of  3.8  dR/km  9 0.85  p 
and  low  pulse  dispersion  of  ^lns/km  were 
measured  in  long  length  graded  index  fibers 
and  are  shown  in  Table  1. 

Two  types  of  silica  substrates,  synthetic 
silica  suprasil  2 and  natural  fused  silica 
T08FB,  were  used  for  this  investigation. 

The  effects  of  substrate  quality  such  as 
impurity  and/or  inclusion  content  on  long 
length  strength  of  CVD  fibers  have  been 
evaluated  by  proof  testing  the  entire 
fiber  length  to  a specified  tensile  stress. 
The  results  of  proof  tested  fibers  are 
listed  in  Table  2,  which  shows  the  low 
failure  probability  of  CVD  fibers  produced 
with  suprasil  substrate  tubing  and  have 


demonstrated  the  importance  of  using  a high 
quality  substrate  material  for  the  fabrica- 
tion of  high  strength  fibers. 

Dynamic  strength  testing  was  performed  on  2 
meter  gauge  lengths  of  CVD  fibers.  The  prob- 
ability of  failure  as  a function  of  stress 
is  shown  in  Figure  1.  All  points  fall  on  a 
straight  line  with  a slope  m = 36 , indicating 
the  absence  of  large  flaws  and  the  high 
strength  of  CVD  fibers.  However,  the  exis- 
tence of  rare  large  flaws  was  detected  by 
proof  testing  the  entire  fiber  length  at 
100  kpsi  and  150  kpsi  levels. 

Figure  2 shows  a Weibull  plot  of  a PCS  fiber 
tested  in  2 m gauge  length.  Also  shown  in 
the  graph  are  the  probabilities  of  failure 
of  long  length  CVD  fibers  produced  from 
natural  (FB)  fused  silica  and  synthetic 
silica  substrates  (SS-2).  The  probability 
of  failure  of  long  length  fiber  was  calcu- 
lated from  proof  test  data.  From  Figure  2, 
it  can  be  seen  that  fibers  drawn  from  pre- 
forms fabricated  using  synthetic  silica 
substrates,  which  are  relatively  free  of 
stress  concentrators  such  as  bubbles,  in- 
clusions and  other  impurities,  exhibit 
lower  probability  of  failure  as  compared  to 
those  drawn  from  natural  fused  silica  sub- 
strate preforms  8.  Plastic  clad  synthetic 
silica  fibers  show  an  even  lower  probability 
of  failure. 

The  differences  of  long  length  strengths 
for  these  fibers  are  attributable  to  the 
surface  and  bulk< qual ities  of  preforms 
prior  to  drawing.  In  the  case  of  the  PCS 
fiber,  the  quality  of  the  synthetic  silica 
rod  is  high.  In  the  case  of  the  CVD  fiber, 
the  quality  of  the  preform  depends  on  the 
substrate  tube.  The  synthetic  silica  sub- 
strate tube  is  made  by  core -dr i 1 1 ing,  sur- 
face polishing  and  drawing  to  the  final 
substrate  dimensions.  This  technique  causes 
deterioration  of  the  original  quality  of 
the  synthetic  silica.  In  addition,  the 
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process  involved  in  fabricating  a CVD  pre- 
form could  introduce  some  additional  sur- 
face contamination. 

Static  fatique  mandrel  tests  showing  the 
time  to  failure  for  CVD  fibers  at  differ- 
ent stresses  is  illustrated  in  Figure  3. 

The  n value  was  calculated  from  Figure  3 
and  was  found  to  be  20.  Therefore,  CVD 
fibers  which  are  free  of  large  and  rare 
surface  flaws  when  subjected  to  a 100  kpsi 
service  load  are  expected  to  last  indef- 
initely, even  in  the  presence  of  moisture. 

CONCLUSIONS 

Long  length,  high  strength  CVD  fibers  with 
low  loss  and  low  dispersion  were  fabricated 
in  3 - 1 1 km  lengths  with  proof  test  stress- 
es ranging  from  100  kpsi  to  150  kpsi  by 
controlling  the  synthetic  silica  substrate 
quality,  preform  processing  environment, 

CVD  preform  surface  treatment,  drawing 
conditions  and  environment,  coating  mater- 
ials and  coating  technique. 
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Figure  1.  Dynamic  Strength  Test  Results 

of  CVD  Fiber  (2  m Gauge  Length). 
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TABI.I:  I . OPTICAL  1-VALUATION  DATA 


SUBSTRATE 

MATERIAL 

F I BER 

LENGTH  (ml 

NA 

DISPERSION 

(ns/km) 

LOSS 

(dR/km  8 0.85  pm ) 

FB 

5353 

0.26 

0.66 

4.02 

FB 

5070 

0.2  3 

0.81 

4 . 38 

FB 

54  30 

0.28 

- 

4.19 

FB 

5252 

0.2  3 

1.10 

3.79 

SS-2 

4 36  8 

0.27 

0.63 

3.93 

SS  - 2 

4307 

0.24 

0.95 

3.68 

SS-2 

4432 

0 . 25 

0.67 

4.15 

SS-2 

5404 

0.25 

1 .08 

4 .40 

SS-2 

11020 

0.24 

0.68 

4 .05  (8  0.87  |im) 

SS-2 

8 320 

0.23 

0.47 

2.98  (8  1 .05  pm) 

SS-2 

9340 

0.22 

3.32 

2.57  (8  1 .05  |im) 

TABLE  2.  PROOF  TEST  RESULTS 


SUBSTRATE  MATERIAL 

SS-2 

FB 


P.  T.  STRESS  (kpsi) 
ISO  - 200 
100 


PASS/ FALL  RATIO 
0.44 
0.2 
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and 
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ABSTRACT 

With  the  increasing  use  of  fiber  optics 
for  data  communication,  it  has  become  apparent 
that  there  is  an  urgent  need  for  field  usable 
interconnection  hardware  for  single  fibers.  This 
hardware  must  be  simple  to  terminate  and  must 
provide  efficient  optical  power  transmission,  or 
low  coupling  losses  . One  requirement  for  such 
hardware  is  the  Army's  need  for  a six-channel 
hermaphroditic  connector  in  its  tactical  fiber 
optic  communications  systems.  This  paper 
describes  a new  single  fiber  alignment  concept, 
developed  under  U.S.  Army  Communications 
Research  and  Development  Command  contract 
with  ITT  Cannon  Electric,  that  accomplishes 
these  requirements. 

The  alignment  concept  is  based  upon  the 
use  of  three  precision  spheres  arranged  in  a plane 
nesting  together  at  120°  increments.  At  the  geo- 
metric center  of  the  spheres  is  an  interstitial 
space  to  retain  the  fiber.  This  assembly  (or 
ferrule)  is  mated  to  an  opposing  identical  ferrule 
by  causing  the  spheres  of  each  to  nest  together 
at  60°  increments.  The  fibers  thereby  are  aligned 
coaxially. 

Concept,  required  accuracies  for  efficient 
coupling,  design  features,  and  performance  data 
are  described  on  the  following  pages. 

INTRODUCTION 

A major  barrier  for  implementation  of  Army 
fiber  optic  communications  systems  is  the  absence 
of  a reliable,  rugged,  outdoor  environment 
resistant  connector  having  low  coupling  loss  . 

The  connector  is  needed  in  one-kilometer  length 
cable  assemblies  containing  six  individual  optical 
fiber  channels.  For  the  long  haul  time  division 
multiplexed  (TDM)  system,  high  bandwidth 
graded  index  multimode  fibers  will  be  employed 
for  the  transmission  of  digital  data  at  rates  up  to 
20  megabits  per  second  for  distances  of  eight 
kilometers  without  repeaters . System  loss 


constraints  dictate  that  cable-to-cable  coupling 
loss  through  the  mating  connectors  must  be  under 
1.0  dB  repeatedly,  on  an  optical  channel-to- 
channel  basis.  Other  desired  features  are  herma- 
phroditic design  (identical  connectors  mate  with 
each  other),  protection  of  fiber  mating  surfaces, 
ease  of  cleaning,  ease  of  assembly,  simplicity  of 
design,  low  cost  and  compactness.  Although  all 
these  features  are  important,  the  driving  objective 
is  the  1.0  dB  coupling  loss.  One  of  two  techniques 
is  generally  used  for  fiber  coupling  in  the  design 
of  separable  connectors.  The  first  is  direct  fiber- 
to-fiber  alignment  and  the  second  is  the  inter- 
position of  a lens  system  between  the  two  fibers  . 
With  the  exception  of  one  particular  lens  design 
approach,  which,  however,  does  not  appear  to 
lend  itself  to  a hermaphroditic  connector  config- 
uration, the  most  efficient  coupling  achieved  to 
date  by  various  vendors  has  been  with  direct  fiber- 
to-fiber  alignment  approaches.  This  paper  deals 
with  one  such  approach  currently  being  investigated 
by  ITT  Cannon  Electric  under  contract  with  the 
U.S.  Army  Communications  Research  and  Develop- 
ment Command  (CORADCOM). 

DESIGN  REQUIREMENTS 

Accuracy  of  alignment  of  opposing/mating 
fibers  is  the  key  feature  of  a fiber  optic  separable 
connector  that  determines  the  efficiency  of 
coupling  optical  energy.  The  coupling  loss  is 
comprised  of  both  intrinsic  and  extrinsic  losses: 

• Intrinsic  are  those  associated  with  fiber 
characteristics  (i.e.,  diameter  variation, 

NA  variation,  Fresnel  reflection,  etc.  ). 

• Extrinsic  are  losses  associated  with  the 
connector  hardware , the  accuracy  of  alignment 
provided . 

In  order  to  establish  the  extrinsic  design 
requirements,  an  analysis  first  was  made  of  the 
three  major  misalignment  loss  mechanisms.  They 
are  lateral,  gap  and  angular.  By  physically  varying 
the  alignment  of  bare  fibers  and  measuring  the 
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coupling  loss,  the  analysis  was  verified 
emperlcally . 


ANGULAR  LOSS,  as  shown  in  Figure  3,  is 
also  a function  of  numerical  aperture. 


LATERAL  LOSS  Is  due  to  deviation  from 
optimum  coaxial  alignment  of  the  mating  fibers. 
Figure  1 defines  coupling  loss  in  dB  as  a function 
of  misalignment  to  core  diameter  ratio. 


ANGULAR  LOSS 


II 


LATERAL  MISALIGNMENT  LOSS’* 


FIGURE  3 


FIGURE  1 


Each  of  these  foregoing  losses,  both 
intrinsic  and  extrinsic,  assume  uniform  distribution 
of  optical  energy  over  all  modes.  Each  is  inde- 
pendent of  the  other;  therefore,  all  must  be  added 
to  calculate  a fiber-to-fiber  termination  coupling 
loss . 


In  order  to  determine  the  dimensional 
alignment  requirements,  the  fiber  and  system  para- 
meters must  be  considered.  A long  length  tele- 
communication link  will  use  small  diameter  single 
fiber.  This  connector  concept  is  designed  to 
provide  a less  than  1 dB  coupling  loss  (79.4% 
coupling  efficiency)  when  terminating  a 125  micron 
(0.00492  inch)  diameter  fiber.  The  optical  core 
diameter  is  85  microns  (0.0033  inch)  with  an 
0.18  NA. 

Using  the  loss  misalignment  curves  involves 
a budgeting  of  the  1 dB  to  each  parameter  based 
upon  achievable  dimensional  control  of  the 
connector  components . The  following  chart  lists 
the  accuracies  which  must  be  held  considering 
manufacturing  tolerances  to  achieve  a < 1 dB 
fiber-to-fiber  interconnection. 


GAP  LOSS  is  due  to  the  separation  between 
end  faces  of  mating  fibers  and  is  a function  of 
numerical  aperture  as  well  as  separation  distance. 
Figure  2 defines  gap  loss  in  dB. 


Misalignment 


Accuracy 


Lateral 


0 . 00018  inch 
-«=  0.00020  inch 
^ 1/4  degree 


Angular 


Total  extrinsic 
Fresnel  loss 


FIGURE  2 


FIGURE  4 


I 


ALIGNMENT  CONCEPT 


In  order  to  achieve  the  above  dimensional 
accuracies,  the  "three -sphere"  concept  was 
developed.  Each  contact,  or  ferrule,  of  the 
connector  utilizes  three  spheres  of  equal  diameter 
arranged  in  a plane  at  120°  increments.  The  spheres 
define  a tricuspid  interstitial  space  into  which  the 
end  of  the  fiber  is  positioned.  The  spheres  are 
retained  in  a spherical  race.  When  an  opposing  pair 
of  ferrules  is  mated,  axially  abutting  each  other,  the 
two  sets  of  spheres  nest  with  respect  to  each  other 
at  60°  increments  thereby  precisely  laterally 
aligning  the  optical  fibers.  The  alignment  accuracy 
is  influenced  by  the  variation  in  sphere  diameter 
alone.  (See  Figures  5,  6 and  7) 


FIGURE  6 


FIGURE  7 


FERRULE  DESIGN  FEATURES 

The  design  of  the  ferrule  controls  each  of 
the  three  misalignment  mechanisms  by  providing 
features  that  attain  the  dimensional  requirements. 

Lateral  - Ball  bearings  used  for  the  spheres  are 
available  off-the-shelf  with  a diametric  tolerance  of 
0.000010  inch.  An  interstitial  space  equal  to  the 
fiber  diameter  is  created  by  calculating  a specific 
diameter  of  the  ball  bearings.  The  relationship  of 
the  sphere  diameter  to  the  fiber  diameter  has  been 
derived  geometrically  (see  Figure  8). 


FIGURE  8 


D = Diameter  of  sphere 
R = Radius  of  sphere 
d = diameter  of  fiber 
r = radius  of  fiber 
since:  cos  30°  = ~ 

R+r 

then:  D = 6.464d 

for  a 0.00492  inch  fiber,  D = 0.0318  Inches 
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A ramped  bearing  race  retains  the  spheres  at  the 
Internal  leading  edge  of  the  cap  (see  Figure  9 ) . 
Since  the  cap  is  threaded  to  the  adaptor  body, 
relative  rotation  will  result  in  radial  movement  of 
the  spheres . Tightening  of  the  cap  will  close  the 
spheres  upon  the  fiber  thus  accommodating  the 
varying  fiber  diameters  (caused  by  fiber  manu- 
facturing tolerances).  As  opposing  ferrules  mate, 
the  ferrules  rotate  about  their  longitudinal  axis 
until  the  spheres  nest  under  load  at  60°  increments 
as  shown  in  Figures  7 and  9.  The  fibers  are  aligned 
coaxially  and  affected  only  by  the  sphere  diametric 
tolerance . 


FIGURE  9 


Gap  - Accurate  separation  of  fiber  end  faces  is 
controlled  by  proper  positioning  of  the  fiber  during 
assembly.  It  is  accomplished  easily  by  using  a 
fourth  and  larger  sphere  nested  among  the  three 
spheres  shown  in  Figure  1 1 . The  fiber  end  face , 
when  positioned  against  this  sphere,  will  be  at 
the  precise  recessed  location  required  to  provide  a 
zero  gap  when  aligned  with  an  opposing  fiber. 

The  location  of  the  fiber  end  face  required  when 
two  remiles  are  nested  and  the  diameter  of  the 
sphere  that  will  position  it  are  calculated  geo- 
metrically as  shown  in  Figures  10  and  11. 


end  view  - 

2 SETS  OF 

3 SPHERES 
NESTED  TOGETHER 


SIDE  VIEW  - ONLY 
ONE  SPHERE  OF 
EACH  SET  SHOWN 


FIGURE  10 


d = SPHERE  DIAMETER 
6 = 30°,  tan  6 = %3 


tan  6 = 

©•'.  a = 


a__  1_ 

d “ 
d_ 

^3 


then:  d1  = b*  + aJ 
and  substituting  © 

b’  = d*  - cP 
3 


<D  •••  b = d V% 

now  b = d-e 
and  f = % 

(D  .-.  b = d-2f 

substitute  ©Into® 
d-2f  * d V% 


Angular  - Conaoi  of  the  angular  alignment 
between  mating  fibers  is  accomplished  through  the 
use  if  a guide  tube  ( refer  to  Figure  9 ) . This  tube 
precludes  the  pivoting  of  the  fiber  as  it  passes 
through  the  spheres . By  choosing  a proper  length 
to  inside  diameter  ratio  (or  inside  fiber  clearance ) , 
the  angularity  of  the  fiber  is  limited . The  con- 
centricities of  the  threaded  parts  were  taken  into 
«•  rouM  also  in  determining  the  tube  inside 
iiaaswi  , 


f is  the  amount  of 
fiber  end  face  recess 

If  d = 0.0318  inches 
then  f * 0.00292  inches 


L 
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The  first  step  in  termination  of  a fiber  is  to 
prepare  the  end  face.  It  must  be  perpendicular  to 
the  fiber  axis  and  optically  clear.  The  method 
chosen  for  use  with  this  connector  was  that  of 
cleaving.*  To  cleave  a fiber,  it  is  pulled  in  tension 
and  scribed  with  a diamond  or  other  suitably  nard 
material.  Fibers  made  of  different  glass  or  by 
different  processes  require  development  of  the 
specific  tension  used  to  cause  the  fracture  to 
propagate  at  90°  to  the  axis  without  any  lip  or 
hackle  (imperfections  in  the  optical  end  face). 
Figures  12  and  13  are  a cleaved  fiber  end  face 
photographed  using  a scanning  electron  microscope. 


- SIDE  VIEW  - 

GAGE  SPHERE  NESTED  TO  3- SPHERES 


FIGURE  11 


Radius,  Diameter  of  gage  sphere 
radius,  diameter  of  ferrule  sphere 
fiber  end  face  recess 


and  (R  + r)1  = gJ  + (R  + r-  f); 
substituting  for  g and  f: 


FIGURE  12 


1 aviaUvs 

Miftofliajjl j omit’ 

rj-ri  •<  :sx^j|#)Mtj 

. • *cwt:3aajf' 


u!  atoun  w' 


mi  iMtioicj  r giilss*;  tp  , aetorfos  ert 
;Ho»  vtT  ii 


pies*  «jts<fjs*ii|i«*a*f  edf  io 


FIGURE  13 


Once  the  fiber  is  prepared,  it  is  threaded 
through  the  ferrule . To  allow  the  spheres  to  spread 
the  cap  and  adaptor  body  are  loosened;  the  fiber  is 
positioned  approximately  even  with  the  front  of  the 
spheres;  then,  the  spheres  are  clamped  lightly  to 
the  fiber.  By  nesting  the  large  sphere  to  the  three 
in  the  ferrule,  the  fiber  is  pushed  back  to  its  proper 
location  and  the  cap  is  tightened  to  hold  the  fiber. 
Epoxy  is  used  for  permanent  fiber  retention. 

The  ferrules  are  mated  with  the  help  of  a 
loose  guide  sleevo  (see  Figure  9)  to  guide  the 
spheres  in  to  a nesting  position.  The  ferrules  are 
free  to  rotate  within  the  connector  to  allow  the 
spheres  to  seat  at  60°  increments.  Compression 
springs  drive  the  spheres  together  and  overcome 
the  sliding  friction. 

PERFORMANCE 

Single  channel  connectors  have  been 
produced  for  the  fiber  parameters  and  sphere 
diameters  discussed.  Termination  of  85ju  core 
fibers  resulted  in  a statistical  mean  coupling  loss 
of  0.621  dB  and  a three  sigma  distribution  of 


1.04  dB.  Furthermore,  these  connectors  exhibited 
good  stability  under  -55°C  to  105°C  temperature 
cycling  (negligible  effect  before  and  after  cycling, 
and  0.5  dB  variation  during  cycling)  and  shock 
and  vibration  cycling  (negligible  effect  before, 
during  and  after  cycling  ) . 

Prototype  six-channel  hermaphroditic 
connectors  employing  this  concept  will  be 
fabricated  and  evaluated  under  the  CORADCOM 
contract.  This  evaluation  will  assess  the 
feasibility  of  the  design  with  respect  to  stability 
of  performance  in  the  Army's  tactical  field 
environment . 

# # # 
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SPLICE  LOSSES  IN  FUSION-SPLICED  OPTICAL  WAVEGUIDE  FIBERS 
WITH  DIFFERENT  CORE  DIAMETERS  AND  NUMERICAL  APERTURES 


By  D.  R.  Briggs  and  L.  M.  Jayne 


Corning  Glass  Works,  Corning,  N.  Y. 


ABSTRACT 

Fusion  (butt)  welding  experiments  were  performed 
on  graded-index  optical  waveguide  fibers.  Mean 
extrinsic  (technique- related,  due  to  the  fusion 
process)  losses  were  0.18  dB  for  mating  unlike 
fibers  and  0-30  dB  for  Joining  like  fibers.  In- 
trinsic (fiber-related)  losses  due  to  deliberate 
mismatching  of  core  diameters,  numerical  apertures 
and  alpha  profiles  were  studied,  and  basic  splice- 
loss  theory  was  essentially  verified.  Tensile 
testing  of  welded  fibers  was  also  done;  mean  ten- 
sile strength  remaining  after  fusion  was  0.4l 
times  the  original  strength,  but  there  was  defi- 
nite improvement  in  values  as  the  experiment  pro- 
gressed. Strength  loss  was  found  to  be  partly  the 
result  of  handling  damage  and  partly  from  thermal 
stresses  arising  from  volatilization  of  B2O3  from 
the  cladding  in  the  fusion  zone.  Extrinsic  splice 
losses  were  mainly  the  result  of  a change  in  nu- 
merical aperture  in  the  core  caused  by  evaporation 
of  B2O3  from  the  cladding  in  the  fusion  zone. 


INTRODUCTION 

Fusion  splicing  has  been  explored  by  several  work- 
ers(l-3)  as  a practical  method  for  Joining  opti- 
cal waveguide  fibers.  The  technique  has  been  of 
interest  because  it  offers  a way  to  cable  fiber 
lengths  greater  than  those  now  commercially  avail- 
able. The  technique  may  also  be  used  for  repair 
of  occasional  breaks  during  the  cabling  operation 
or  during  installation  of  cable  in  the  field.  In 
addition,  a welded  Joint  is  not  likely  to  come 
apart  or  to  become  angularly  misaligned  under 
stress,  which  might  happen  with  a mechanical 
connection  device. 

Much  of  the  previous  work  in  the  f'eld  involved 
cutting  and  resplicing  the  same  fiber,  and  splic- 
ing step- index  fibers.  This  paper  expands  upon 
the  previous  work  and  covers  splicing  graded- 
index  fibers,  especially  different  ones  to  each 
other. 


SCOPE 

All  16  possible  Joining  combinations  of  four  care- 
fully selected  production  fibers  were  studied. 
These  fibers  were  chosen  for  the  widest  practical 
variation  in  numerical  aperture,  core  diameter, 


and  alpha  profile.  The  theory  of  intrinsic  splice 
loss  was  compared  to  the  data  generated.  The 
effect  of  the  welding  process  on  fiber  tensile 
strength  was  also  explored,  and  some  analysis  was 
done  in  an  attempt  to  explain  the  underlying 
causes  for  splice  and  strength  loss. 


SAMPLES 

Samples  came  from  four  different  production  reel6 
of  Coming  Glass  Works  graded-index  optical  wave- 
guide fiber.  Nominal  O.D.  was  125  microns.  Nomi- 
nal core  diameter  was  63  microns,  and  there  was  a 
spread  of  5 microns  between  maximum  and  minimum 
fibers.  Nominal  numerical  aperture  was  0.21,  with 
a maximum  spread  of  0.015.  The  nominal  alpha  pro- 
file number  was  2.0,  and  the  maximum  spread  was 
0.42.  Two  separate  property  measurements  were  made 
on  each  sample.  Initial  specimen  length  of  3m  was 
gradually  reduced  to  2m  as  cuts  and  resplices  were 
made.  All  samples  were  selected  for  excellent 
roundness  of  core  and  the  concentricity  of  the 
core  with  respect  to  the  O.D. 


EQUIPMENT 

Fig.  1 shows  the  general  arrangement  of  the  equip- 
ment. In  addition  to  the  welder  itself,  the  key 
components  are  the  source  LED  and  the  detector. 

Fig.  2 shows  the  fusion  welder  device.  Vacuum 
chuck  (l)  is  stationary  and  holds  the  receiver  fi- 
ber. Vacuum  chuck  (2)  holds  the  transmitter  fiber, 
and  it  can  be  manipulated  in  three  planes  by  means 
of  the  micropositioner  (3).  The  operator  moves 
the  handle  (4)  to  move  the  welding  rods  (5)  ver- 
tically into  and  out  of  the  fusion  zone.  The  op- 
erator can  also  move  the  handle  sideways  approxi- 
mately + 1. 5nm  to  achieve  complete  fusion  at  the 
weld. 

The  source  is  a Plessey  LED,  Model  HR  952F,  with 
an  optical  waveguide  fiber  pigtail  cemented  to'the 
face.  The  pigtail  is  a step- index  fiber  with  an 
86-mlcron  core  and  a numerical  aperture  of  0.16. 
Light  from  the  pigtail  completely  fills  the  63- 
ralcron  core  of  the  transmitter  fiber  butted 
against  it  in  the  three-rod  holder. 

The  detector  comes  from  EG&G  Corporation  and  has  a 
code  number  PV  444A.  The  21mm  diameter  window 


356 


THEORY  ON  SPLICE  LOSS 


FIG.  2- FUSION  WELDER 


Intrinsic  losses  are  related  to  the  properties  of 
the  mating  fibers.  They  occur  vhen  the  transmit- 
ting fiber  has  a higher  value  than  the  receiving 
fiber  for  one  or  more  of  the  following  properties: 
core  diameter,  numerical  aperture,  and  alpha  pro- 
file. The  effects  are  additive.  If  the  transmit- 
ting fiber  has  a lower  value  for  a particular 
property,  there  is  no  loss,  nor  can  there  be  a 
gain.  Mode-coupling  losses  caused  by  distortions 
of  the  waveguide  have  been  considered  negligible. 

(5) 

Using  the  approach  of  Hawk  and  Thiel,  and 
Gloge  and  Marcatili,  the  individual  intrinsic- 
loss  terms  may  be  calculated  as  follows : 


Lna  “ — 10  log 


— 10  log 


Lq  « — 10  log 


for  NAr<  NA^  only 


for  Dr<Dt 


fortt  <Q  only  (4) 
r t 


assures  complete  collection  of  light  leaving  the 
receiving  fiber. 

The  following  apparatus  is  not  shown  in  Fig.  1, 
but  was  used  in  the  experiment : 

1.  A 90X  stereo  microscope  was  used  for  view- 
ing the  fibers  in  the  splice  area:  align- 
ing them  prior  to  splicing  and  monitoring 
progress  during  the  welding  process. 

2.  A commercially  available  fiber  cutter 
made  square,  clean  cuts.  This  was  essen- 
tial for  achieving  a proper  welded  Joint. 

3-  A tensile  testing  machine  measured  the 
breaking  stress  of  fused  fibers.  Control 
fibers  were  also  tested. 


reading,  IR,  was  taken  on  the  transmitter  fiber. 

The  detector  end  was  withdrawn  from  the  detector 
and  placed  into  chuck  (2).  One  end  of  the  receiver 
fiber  was  placed  in  chuck  (l)  and  its  other  end  in 
the  detector.  The  two  butt  ends  w<  re  aligned  visu- 
ally. Small  adjustments  were  then  made  with  the 
micropositioner  in  order  to  maximize  the  light 
throughput  of  the  unspliced  ends,  thereby  assuring 
the  best  alignment  of  the  two  cores.  The  fiber 
ends  were  separated  slightly,  and  the  cut  ends 
slightly  firepolished  with  the  welding  rods.  The 
two  ends  were  then  brought  together  until  they  Just 
touched  and  were  tack  welded  at  a somewhat  higher 
voltage  on  the  power  supply.  The  voltage  was  step- 
ped up  still  further  to  complete  the  weld. 

The  light  output  reading,  IQ,  of  the  spliced  fiber 
was  read  and  the  splice  loss,  L,  calculated  by: 


FIG.  I - ARRANGEMENT  OF  APPARATUS 


All  welding  and  testing  was  performed  in  random 
order. 


TEST  METHOD 


Each  fiber  end  was  carefully  stripped  of  protec- 
tive coating  and  then  cut.  The  reference  light 


L = — 10  log 


Five  splices  were  made  for  each  of  the  16  (4  x 4) 
Joint  combinations  possible.  When  an  obvious  im- 
perfection such  as  an  air  bubble  was  seen  at  the 
weld,  the  welded  section  was  immediately  cut  out, 
and  the  complete  weld  was  reworked. 


For  the  sake  of  efficiency,  fusion  of  samples  for 
tensile  testing  was  conducted  separately  from  the 
fusion  for  the  splice- loss  portion  of  the  experi- 
ment. Four  welds  were  made  for  each  of  the  16 
possible  splice  combinations,  and  they  were  tensile 
tested,  using  a 0.6m  gauge  length. 


where  L = splice  loss,  dB 

NA  = numerical  aperture 
D = core  diameter 
0 = alpha  profile  number 
sub  r = receiver  fiber 
sub  t = transmitter  fiber 

Extrinsic  splice  losses  are  related  to  the  techni- 
ques used  in  the  Joining  procedure.  There  are  at 
least  5 possible  sources  of  loss: 

1.  The  fusion  process  Itself. 

2.  Lateral  misalignment  of  the  fiber  cores. 
3-  Angular  misalignment  of  the  fiber  cores. 
h.  Distortion  of  fibers. 

5.  Fiber  end  finish  and  Fresnel  reflections. 

The  effects  of  items  2 through  5 are  considered 
negligible  because  of  the  techniques  used  in  the 
fusion  process.  Therefore  only  the  effect  of  the 
fusion  process  itself  will  be  considered. 

The  total  measured  splice  loss  equals  the  sum  of 
the  intrinsic  losses  plus  the  extrinsic  loss,  as 
follows : 


where  L = splice  loss,  dB 

Lf  = extrinsic  splice  loss  due  to  fusion 
sub  NA  = numerical  aperture 
sub  D = core  diameter 
sub  (2  = alpha  profile  number 


RESULTS  AND  DISCUSSION 
Splice  Loss 

Fig.  3 shows  the  measured  splice  loss  distribution 
for  the  60  splices  involving  unlike  fibers.  Fig.  L 
is  a histogram  of  the  above  splice  loss  distribu- 
tion adjusted  to  eliminate  the  effects  of  intrin- 
sic splice  losses.  These  adjusted  values  are  ac- 
tually the  extrinsic  splice  losses  and  are  calcu- 
lated by  rearranging  equation  (5)  as  follows: 

Lf  ■ L — (L^  + Lp  + Lq)  (6) 


In  five  of  the  12  cases,  numerical  aperture  mis- 
match was  the  sole  contributor  to  an  Intrinsic 
Iose;  alpha  profile  alone  to  1 case;  NA  plus  core 
diameter  to  1 case;  and  core  diameter  plus  alpha  to 
5 cases.  The  mean  Intrinsic  splice  loss  due  to  NA 
was  0.15  dB,  core  diameter  0.18  dB,  and  alpha  dif- 
ference 0.08  dB. 

As  shown  in  Fig.  U there  are  five  negative  values, 
which  of  course  is  not  possible.  All  negative  val- 
ues came  from  the  five  welds  made  in  one  particular 
case,  and  can  only  be  explained  by  a measurement 
error  made  somewhere  during  the  procedure. 

Fig.  5 is  a histogram  of  the  measured  splice  loss 
distribution  for  the  20  splices  involving  like  fi- 
bers. In  the  fusion  of  like  fibers,  the  intrinsic- 
loss  terms  in  equation  (5)  drop  out,  and  L = Lf. 

At  this  point,  the  value  for  Lf  for  like-fiber  fu- 
sion can  be  directly  compared  to  the  Lf  calculated 
for  the  fusion  of  unlike  fibers. 

Table  1 consolidates  splice  loss  data.  Measured 
splice  losses  for  Joining  unlike  fibers  range  from 
0.21  dB  to  O.83  dB,  with  a mean  of  O.59  dB.  The 
mean  is  approximately  twice  that  of  the  mean  splice 
loss  for  welding  like  fibers.  This  difference  was 
to  have  been  expected  because  of  the  deliberate 
mismatching  of  fiber  optical  properties.  The  pd- 
Justed  mean  splice  loss  of  0.18  dB  for  unlike  fi- 
bers compares  very  favorably  with  the  mean  of  0. 30 
dB  for  like  fibers.  Lf  for  like  fibers  is  approx- 
imately equal  to  Lf  for  unlike  fibers,  and  splice 
loss  theory  was  therefore  essentially  reaffirmed. 

Table  1 --  Consolidated  Splice  Loss  Values 


Unlike  Fibers 


Like  Fibers, 


Actual 

Adjusted 

Actual 

No.  Combinations 

12 

12 

U 

No.  Splices 

60 

60 

20 

Mean  Splice  Loss,dB 

0.59 

0.18 

0.30 

Standard  Deviation,dB 

O.I56 

0.182 

0.0l»l 

Min.  Splice  Loss,dB 

0.21 

(0.33) 

0.22 

Max.  Splice  Loss.dB 

O.83 

0.53 

0.36 
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Table  2 — Changes  In  Fiber  Strength 


HG  7-  STRENGTH  OF  FUSED  FIBERS 
VS  EXPERIENCE 


“ — 1 — t — Ratio  Fused 

Un fused  Fused  to  Unfused 


Mean 

Standard  Deviation 

Maximum 

Minimum 


Spliced  Fiber  Strength 


Fiber  strength  was  diminished  by  the  fusion  proc- 
ess, as  shown  in  Table  2.  Mean  strength  of  fused 
fibers  dropped  59$  from  that  of  the  control,  or 
unfused,  fibers.  Maximum  and  minimum  values  fell 
even  further  percentage-wise. 


Great  care  was  taken  to  pinpoint  the  exact  loca- 
tion of  the  tensile  break  with  respect  to  the  fu- 
sion line.  The  location  distribution  of  the  64 
tensile  breaks  is  shown  in  the  histogram  Fig.  6. 
Approximately  8k%  of  the  breaks  occurred  in  the 
splice  area  — that  is,  within  +_  l8mm  of  the 
splice  line,  and  between  the  two  chucks.  Despite 
the  considerable  care  taken  to  prevent  handling 
damage  to  the  fibers , 16$  of  the  breaks  occurred 
at  the  vacuum  chucks  or  beyond.  This  was  certain' 
ly  well  beyond  the  region  affected  by  the  fusion 
process.  It  should  be  noted  that  uncoated  fiber 
is  vulnerable  to  handling  damage  and  that  the 
plastic  protective  coating  on  each  fiber  end  had 
to  be  stripped  away  approximately  80mm  for  two 
reasons : 


effect  of  taking  all  64  tensile  break  values  is  to 
present  a somewhat  pessimistic  view  of  the  effect 
of  the  fusion  process. 


Fig-  7 gives  evidence  that  tensile  strength  improv- 
ed with  welding  experience.  The  tensile  data  were 
arranged  in  sequence,  in  groups  of  8 each.  The 
tension  experiment  was  started  only  after  consider- 
able practice  on  the  technique  itself.  The  mean 
strength  of  the  first  batch  was  72  kpsi.  Before 
the  second  group  was  started  there  was  a two-week 
intermission  due  to  the  pressure  of  other  labora- 
tory activity.  The  values  fell  to  the  53  kpsi  mean 
level,  but  then  increased  gradually  right  up  to  the 
final  group  at  a mean  of  102  kpsi.  The  mean  ten- 
sile strength  of  unfused  fibers  was  185  kpsi. 


Prevent  the  plastic  coating  front  inter- 
fering with  the  cleanliness  of  both  the 
cut  and  the  weld. 

Make  sure  that  each  fiber  end  seats  prop- 
erly in  the  vacuum  chuck. 


The  key  to  achieving  good  fiber  tensile  strength 
seems  to  be  the  amount  of  time  the  fibers  are  sub- 
jected to  the  heat  of  the  welding  process,  as  well 
as  to  the  temperature  applied.  In  a separate  ex- 
periment it  was  determined  that  shortening  the 
welding  time  led  to  weak  fibers,  and  increasing 
the  welding  time  beyond  a certain  point  caused 
rapid  falloff  in  tensile  strength.  The  strongest 
Joints  involved  the  best  balance  of  time  and  tem- 
perature. 


Mean  tensile  strength  values  for  the  16$  of  the 
fibers  which  broke  outside  the  splice  region  were 
virtually  identical  to  the  mean  values  for  the 
tensile  breaks  in  the  splice  region.  The  net 


FIG.  6- DISTRIBUTION  OF  TENSILE 
BREAKS  ON  FUSED  FIBER 


Obviously,  tensile  strength  was  lost  because  of  the 
fusion  process.  Indeed,  only  six  out  of  the  64 
control  specimens  tested  at  lower  strength  than  the 
very  highest  fused  sample.  The  overlap  is  extreme- 
ly narrow. 


Changes  in  Chemical  Composition 


There  are  two  possible  explanations  for  strength 
loss : damage  during  handling,  and  changes  of  some 
sort  to  the  glass  itself  as  a result  of  the  fusion 
process.  Splice  losses,  on  the  other  hand,  can 
only  be  explained  by  whatever  change  took  place  in 
the  glass  during  fusion.  The  effect  of  handling 
damage  was  held  to  the  most  practical  minimum  and 
has  already  been  discussed.  It  remains,  therefore 
to  explore  what  effects  the  fusion  process  had  on 
the  glass  in  the  splice  area. 


DISTANCE  FROM  SPLICE,  MM 


FIG.  8- GLASS  COMPOSITION 


0 3 « 9 12  IS 


DISTANCE  from  sflice,  mm 


Samples  of  fused  fiber  were  very  carefully  cut  at 
the  splice  line  and  at  3mm  intervals  on  either  side 
of  the  splice  line.  Scanning  electron  microscope 
probes  were  made  at  2-micron  intervals  across  the 
face  of  the  sectioned  fibers.  The  glass  "cladding" 
layer  is  31  microns  thick  and  contains  mostly  sili- 
ca plus  boric  oxide  to  achieve  the  proper  balance 
of  refractive  index  and  thermal  expansion.  The 
core  is  63  microns  in  diameter  and  contains  silica 
plus  germania  for  the  desired  optical  properties. 

It  can  be  seen  from  Fig.  8 that  approximately  50^6 
of  the  B2O3  cladding  content  evaporated  in  the  sec- 
tion 6mm  on  either  side  of  the  splice  line.  It  is 
well  known  in  the  glass  industry  that  BgCb  is  quite 
volatile  in  the  temperature  range  used.  The  effect 
of  the  B2O3  loss  is  to  produce  a localized  reduc- 
tion in  linear  expansion  of  approximately  50^. 

Upon  cooling,  this  region  was  placed  under  a per- 
manent strain  roughly  estimated  to  be  4 kpsi.  This 
residual  strain  accounts  for  a portion  of  the  ob- 
served weakness,  but  a detailed  model  of  the  strain 
condition  was  not  developed. 


of  ll£  of  the  GeOg  in  the  core  was  evaporated. 

This  difference  in  chemical  composition  may  have 
had  some  effect  on  either  strain  or  refractive  in- 
dex in  the  core,  but  the  effect  was  not  explored 
further  at  the  time. 


CONCLUSIONS 

1.  Graded-index  optical  waveguide  fibers  can 
be  fused,  although  the  process  is  still 
dependent  upon  operator  skill. 

2.  Strength  of  fused  fiber  was  adequate,  but 
the  mean  was  only  4l$  of  the  control- fiber 
strength . 

3.  Strength  improved  with  experience  and  was 
highly  dependent  upon  time  and  temperature. 

4.  Mean  extrinsic  splice  loss  was  0.18  dB  for 
unlike  fibers  and  0.30  dB  for  like  fibers. 

5.  Theory  regarding  Intrinsic  splice  losses 
was  essentially  verified. 

6.  Strength  loss  can  be  explained  partly  by 
handling  damage  and  partly  by  stresses  in- 
duced by  chemical  composition  changes  due 
to  evaporation. 

7.  Extrinsic  splice  losses  result  mainly  from 
localized  changes  in  numerical  aperture  of 
the  fiber  caused  by  evaporation  of  BpCh 
from  the  cladding. 


The  authors  appreciate  the  many  suggestions  and 
observations  made  by  R.  M.  Hawk,  D.  B.  Keck,  and 
J.  G.  Rack!. 
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Abstract 

This  paper  present  design  concepts  for 
stable  structures  of  optical  fiber  cable 
considering  mostly  the  stress  in  fibers  as 
well  as  transmission  characteristics  dur- 
ing optical  cable  manufacturing  process 
and  installations.  The  stress  in  fibers  is 
directly  concerned  with  cable  structures. 
Four  types  of  cable  have  been  manufactured 
and  their  transmission  characteristics 
have  been  compared  with  each  other.  Unit 
type  structure  of  eight  fibers  has  been 
found  to  be  very  stable  and  the  stress  in 
fibers  of  the  unit  type  cable  has  been 
measured  from  the  pulse  delay  due  to  the 
elongation  of  the  fibers  during  the  instal- 
lation. 

Introduction 

It  is  considered  that  the  following  two 
points  are  the  most  important  for  the 
design  of  optical  fiber  cables; 

(1)  Fibers  do  not  suffer  changes  in  the 
transmission  characteristics, 

(2)  Fibers  do  not  break. 

during  cabling  process  and  installation. 

Recently,  transmission  loss  of  fiber 
becomes  remarkably  low  and  the  loss  below 
3 dB/km  is  easily  obtained  in  the  wave- 
length region  around  0.85  urn.  In  the  longer 
wavelength  region  such  as  1.2  pm  - 1.3  pm, 
the  losses  of  the  fibers  are  less  than  1 
dB/km.  Therefore,  investigation  of  optical 
fiber  cable  structure  without  loss  increase 
under  cable  manufacturing  process  and  in- 
stallation has  become  very  important. 

As  for  the  mechanical  properties  of 
fiber,  improvement  in  tensile  strength  is 
also  remarkable  11]  - [3] . It  is  reported 
that  the  Weibull  distribution  of  the 
strengthfor  the  fiber  made  by  synthetic 
silica  is  composed  of  single  mode  and  that 
its  slope  is  very  steep.  However,  the 
Weibull  distribution  for  the  fiber  manufac- 
tured by  the  MCVD  method  using  a fused 
quartz  tube  is  generally  composed  of  two 
or  three  modes  and  low  tensile  strength  is 
observed  for  long  span.  Fig.  1 shows  the 
typical  Weibull  distribusions  of  the  fiber 
strength  of  synthetic  silica  fibers  and 
MCVD  fibers. 


Fig.l  Weibull  distribution  of  tensile 
stress  of  fibers 


Considering  the  above  two  points, 
various  types  of  cables  have  been  disigned 
and  manufactured,  and  compared  with  each 
other  in  the  aspect  of  transmission 
characteristics.  The  stress  in  the  cable 
under  installation  has  been  investigated 
and  measured  with  pulse  delay.  The  results 
show  that  the  unit  type  cable  is  a very 
suitable  structure  in  the  aspects  of 
transmission  characteristics  and  mechani- 
cal properties. 

Fiber  structures  and  transmission  charac- 
teristics of  the  fibers 

Graded-index  fibers  manufactured  by  the 
MCVD  method  are  used  in  this  experiment, 
and  the  structure  and  parameters  of  the 
fibers  are  illustrated  in  Fig. 2.  Core 
diameter,  outer  diameter,  and  index  dif- 
ference in  of  the  fibers  are  60  ym,  150 
ym  and  1.0  %,  respectively.  The  fibers 
are  coated  with  thick  and  soft  silicone 
resine  with  450  iim  in  diameter  so  as  to 
prevent  the  microbending  due  to  side  pres- 
sure 14],  Nylon  with  0.9  mm  in  outer  dia- 
meter is  coated  on  the  fiber. 
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Cable  structure 


Nylon 


0 . 9mm4 


In  this  experiment,  four  types  of 
optical  fiber  cables  are  designed  and  manu- 
factured. Fig. 5 shows  the  cable  structures 
Fig.5-a  is  an  optical  cable  with  eight 
fibers.  These  fibers  are  stranded  around  a 
stiff  central  tesion  member  and  are  sur- 
rounded by  soft  materials  as  buffer. 
Fig.5-b  is  a unit  type  optical  cable  with 
forty  fibers.  This  cable  is  composed  of 
five  units  whose  structure  is  similar  to 
the  cable  core  with  eight  fibers  shown  in 
Fig.5-a.  These  units  are  stranded  around 
the  central  tension  member  and  are  wrapped 
with  plastic  tapes.  Fig.5-c  is  a one-layer 
type  cable  with  fifty  fibers.  These  fibers 
are  stranded  arou*>d  the  copper  feeders  and 
pairs,  and  are  surroundedby  soft  materials 
as  buffer. 


Silicone  resin  0.45mm$ 


Silica  jacketing  150pm$ 


60tim$ 

(An=1.0%) 


Central  tension  member 

— Optical  fiber 

— Buffer  with  soft  mateials 
~ Laminated  aluminum 

polyethylene  sheath 

Optical  cable  with  eight 
fibers 


Pair 

Optical  fiber 
Unit  central  member 
Unit  core-wrap 
Central  tention  member 
Cable  core-wrap 
Laminated  aluminum 

polyethylene  sheath 


WAVELENGTH  ( ym  ) 

Spectral  loss  of  the  graded  index 
fiber 


5-b  Unit  type  cable 


L-1000  m 


Optical  fiber 
Inner  sheath 
Power  feeder  and  pair 
Central  tention  member 
Cable  core  wrap 
Laminated  aluminum 

polyethylene  sheath 
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Fig.  4 Baseband  frequency  response  of 
the  graded  index  fiber 


Optical  fiber 
Central  tention  member 
Core-wrap 
Laminated  aluminum 

polyethylene  sheath 


Average  loss  increase  by  Nylon  coating  is 
less  than  O.ldB/km. 

Typical  loss  and  baseband  frequency 
response  of  the  graded-index  fibers  are 
shown  in  Fig. 3 and  4,  respectevely . Losses 
at  X»0.84um  and  X«l.lpm  are  typically 
2.5dB/km  and  l.OdB/km,  respectively,  and 
the  6-dB  electrical  bandwidth  at  1km  is 
about  900MHz. 


5-d  Two-layer  type  cable 
Fig. 5 The  structures  of  the  optical  cables 


Fig.5-d  is  a two-layer  type  cable  with  fif- 
ty fibers.  Twenty  fibers  are  wound  in  inner 
layer  around  the  central  member  and  are 
surrounded  by  soft  materials.  In  outer 
layer,  thirty  fibers  are  laid  and  are  also 
surrounded  by  the  soft  materials. 
Laminated-aluminum-polyethylene  sheath  is 
used  for  those  cables.  The  cable  length  are 
approximately  1km. 

Loss  increases  of  the  cable  during  manu- 
facturing processes  " 

The  loss  increases  of  those  cables  are 
measured  during  cable  manufacturing 
processes.  In  spectral  measurement,  a 500m- 
long  fiber  whose  parameter  is  the  same  as 
used  in  this  experiment  is  inserted  in 
front  of  the  measured  fiber  in  order  to 
attain  a steady  state  modal  distribution. 

The  histogram  of  the  loss  increases 
of  the  cable  during  manufacturing  processes 
are  shown  in  Fig. 6.  Loss  increases  of  the 
cables  in  Fig.5-a  and  Flg.5-b  are  small 
and  those  in  Fig.5-c  and  Fig.5-d  are  large. 
That  is,  loss  increases  of  layer  type 
cables  are  much  larger  than  those  of  unit 
type  cables.  Moreover,  the  loss  increases 
of  the  fibers  in  outer  layer  of  the  two- 
layer  type  cable  are  much  larger  than 
those  in  inner  layer. 


In  the  cable  of  eight  fibers  and  the 
unit  type  cable,  the  fibers  of  small 
number  are  stranded  around  a stiff  central 
member  and  the  fibers  and  the  central 
member  are  unificated.  Therefore,  the  fiber 
bendings  which  cause  to  loss  increase  seem 
not  to  occure  in  the  cables. 

On  the  other  hand,  in  the  one  layer 
type  cable  and  in  inner  layer  of  the  two- 
layer  type  cable,  the  fibers  of  large 
number  are  stranded.  Because  of  large 
number  of  fibers,  fibers  are  easy  to  be 
bent  in  circumstancial  direction.  Moreover, 
in  outer  layer  of  the  two-layer  type  cable, 
the  fibers  are  easy  to  be  bent  in  circum- 
stancial and  radial  direction  because  the 
fibers  are  laid  between  the  soft  materials. 

From  the  results  of  the  transmission 
characteristics  measurement,  the  following 
concepts  for  the  design  of  optical  cable 
are  preferable. 

1)  Optical  cable  composed  of  a unit  or 
units . 

2)  The  unit  with  a small  number  of  fibers. 

3)  The  fibers  in  unit  directry  stranded 
arounded  a stiff  and  hard  central  member. 

4)  The  fibers  in  unit  surrounded  by  soft 
materials  in  order  to  prevent  micro- 
bending due  to  lateral  pressre. 
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Measurment  of  elongation  of  fibers  in  the 
cable  under  install atfon 

Investigation  of  the  fiber  strain  in 
the  cable  is  one  of  the  important  factors 
to  designing  a cable  structure.  The  eight 
fiber  cable  and  the  unit  type  cable  have 
been  used  in  the  elongation  test,  because 
these  cables  have  good  transmission  char- 
acteristics. The  elongation  of  the  fiber 
in  the  cable  was  measured  by  the  change  of 
optical  pulse  delay  time  which  was  caused 
when  the  fiber  was  lengthened  under 
installation. 

The  travelling  time  of  an  optical 
pulse  in  a graded-index  fiber  is  given  by 

T0  = Ni  L / c (1) 

where  L is  the  length  of  fiber  free  from 
stress,  c is  the  light  velocity  in  vacuum, 
and  Nj  is  the  material  group  index  which 
is  given  by 

»!-«!-  <2> 
with  nx  the  refractive  index  along  the 
fiber  axis.  When  a tension  is  applied  to  a 
fiber  along  the  fiber  axis,  both  the  fiber 
length  and  the  refractive  index  change. 
Therefore,  the  travelling  time  of  optical 
pulse  in  the  fiber  under  tension  becomes 

Ti  - (Ni  + ANj)  (L  + AL)  / c (3) 

Normally,  refractive  index  difference  be- 
tween core  and  cladding  is  small,  and  the 
electric  field  vector  of  light  in  the 
fiber  can  be  assumed  to  by  approximately 
perpendicular  to  the  fiber  axis.  Then,  the 
change  of  Ni  is  given  by  [5] 

ANi-  (Pl2-oPll-CTP12>T;  (4> 

where  a is  the  Poisson's  ratio,  P*j  is  the 
strain-optics  tensor  component  and  only  two 
values  are  necessary  for  an  isotropic  mate- 
rial. Using  ( 1 ) — (4 ) and  neglecting  the 
term  AL  , the  relation  between  the  delay 
time  difference  At  and  the  fiber  elonga- 
tion is  given  by 

AT-Tx-To-INi— jNj (Pl2-°Pll-°Pl2) <5) 

On  the  condition  that  P^j  of  doped  silica 
is  the  same  as  that  of  pure  silica  glass 
(Pll-O.121,  Pi2=0.270  [5]),  Nx=1.478  [6] 
for  a germenium  doped  graded  index  fiber 
An  is  1*,  and  o=0.17,  the  change  of  optical 
pulse  delay  per  change  of  fiber  length 
under  tension  becomes 

Dcal  * ££  " 38  PBec/cm  (6) 

Fig. 7 shows  the  calculated  and  experimental 
results  of  the  changes  of  pulse  delay  when 
a tension  is  applied  to  graded  index  fiber. 
Fig. 8 shows  the  photograph  of  measurement 
of  pulse  delay.  The  changes  of  pulse  delay 
time  were  measured  by  the  pulse  peek.  The 
calculated  and  experimental  results  agree 
with  each  other,  and  the  incline  DeXp  is 
determined  as 


Dexp  = = 40  psec/cm  (7) 

Fig. 9 shows  the  relation  between  the 
fiber  strain  and  the  cable  strain  under 
installation  of  the  eight  fiber  cable 
shown  Fig.5-a,  and  Fig. 10  shows  of  the  unit 
type  cable  shown  in  Fig.5-b  by  using  the 
measurement  pulse  delay.  Both  pulling  end 
is  fixed  with  epoxi  resin,  and  pulling  span 
is  lOOm-long.  In  the  eight  fiber  cable,  the 
fiber  strain  is  equal  to  the  cable  strain. 
On  the  other  hand,  in  the  unit  type  cable, 
fiber  strain  is  about  0.1%  smaller  than 
that  of  the  cable.  Therefore,  in  the  unit 
type  cable,  fiber  strain  in  the  unit  is 
quite  the  same  as  the  strain  of  the  unit 
central  member.  However,  when  the  several 
units  are  stranded  around  the  cable  central 
strength  member,  the  strain  of  the  fiber  is 
about  o.l%  lower  than  the  strain  of  the 
cable  itself. 

For  example,  if  screening  tests  of  the 
fibers  are  carried  out  with  the  stress  of 
28kg/mm2  (500g  at  150ym)  which  corresponds 
to  the  strain  of  0.4%,  the  strain  of  the 
unit  type  cable  is  allowed  up  to  0.53% 
from  Fig. 10. 
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Fig. 7 Relation  between  the  changes 
of  pulse  delay  and  elongation  of 
fiber  under  tention 


Fiber  elongation  is  20cm. 

Fig. 8 The  photograph  of  pulse  delay 
measurement 
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Fig. 9 The  relation  between  the 
fiber  strain  and  the  cable  strain 
in  the  eight  fiber  cable 


Pulling-eye 


Fig. 12  The  structure  of  the  pulling 
end  of  the  cable 
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Fig. 10  The  relation  between  the 
fiber  strain  and  the  cable  strain 
in  the  unit  type  cable 


Installation  test  of  the  unit  type  cable 
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13  A tention  of  the  pulling  end 
of  the  cable 


The  unit  type  cable, (Fig. 5-b) , was 
installed  along  an  experimental  duct. 

Fig. 11  shows  a route  of  the  installation. 
Material  of  the  duct  is  PVC,  and  inner  dia- 
meter is  80mm.  The  route  has  two  curved 
ducts  and  two  rollers  for  severe  curves. 
Total  length  of  the  route  is  460m. 

The  structure  of  the  pulling  end  of 
the  cable  is  shown  in  Fig. 12.  Central  ten- 
sion member,  fibers  and  sheath  are  fixed 
with  epoxi  resin  in  a metal  cap.  The 
strength  of  the  pulling  end  can  stand  up  to 
1000kg.  The  tensions  of  the  pulling  end  of 
the  cable  are  measured  by  inserting  the 
tension  meter  between  the  pulling  end  of 
the  cable  and  the  pulling  wire.  Fig. 13  shows 
a tension  of  the  pulling  end  of  the  cable 
under  installation.  Maximum  tension  was 
about  300kg  at  the  end  of  the  installation. 
After  installation  the  cable  was  intention- 
ally pulled  with  the  tension  of  700kg. 

Before  and  after  the  installation,  trans- 
mission losses  were  measured  in  all  the  fibers 
in  the  cable.  Loss  changes  were  found  to  be 


less  than  O.ldB/km  and  any  failur  of  fiber 
was  not  observed. 


Mechanical  property  of  the  unit  t' 


Various  mechanical  tests  such  as 
squeezing  test,  bending  test,  vibration 
test,  tensile  test  and  twist  test,  were 
carried  out  for  the  unit  type  cable.  Loss 
change  and  failure  of  the  fibers  are  mainly 
tested.  Table  1 shows  the  results  of  the 
mechanical  tests. 


Conclusion 


Four  types  of  optical  cable  have  been 
designed  and  manufactured,  and  compared 
with  each  other  in  aspect  of  transmission 


TABLE  1 Mechanical  properties  of  the  unit  type  cable 


METHOD 


(2)  Bending  test 


Cable 


!C^-V 

T.l  mandril 


(3)  Vibration  test 

„ . . Vibrator 


(4)  Tensile  Strength  test 


CONDITION 

RESULT 

Bending  Radius 

600mm 

Loss  change:  Below 

Cable  Length 

5000mm 

O.OSdB 

Stroke 

3000mm 

Broken  fiber:  0/600 

Load 

200kg 

300kg 

Load  Flatness  of 
cable 

Times  10  times 

both 

500kg 

in 

ways 

200kg  21.4x22.3 

300kg  20.9x22.8 

500kg  20.1x23.6 

Sample  Number 

5 

Bending  Radius 

120mm 

240mm 

No  change  in  loss 

Times  10  times 
both 

in 

ways 

Broken  fiber:  0/400 

Sample  Number 

5 

Span  1000mm 

Amplitude  -5mm 

Frequency  10HZ 

Times  5xl06 

No  change  in  loss 

Broken  fiber:  0/400 

Sumple  Number  5 

Gauge  Length  2000mm 

Pulling  Speed  0.5%/min 

Sample  Number  5 

Maximum  Tension  500kg 

No  change  in  loss 

Broken  fiber:  0/200 

Tension  strain 

300kg  0.26% 

500kg  0.40% 

Gauge  Length  4000mm 
Torsion  angle  1360° 
Sample  Number  5 


No  change  in  loss 
Broken  fiber:  0/200 
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characteristics . 

A unit  type  cable  with  following 
structure  has  been  found  to  be  very  stable 
under  the  cable  manufacturing  process 

1)  Optical  cable  composed  of  a unit  or 
units. 

2)  The  units  with  a small  number  of  fibers. 

3)  The  fibers  in  unit  directly  stranded 
aroud  a stiff  and  hard  central  member. 

4)  The  fibers  in  the  unit  sorrouded  by 
soft  materials  in  order  to  prevent 
microbending  due  to  lateral  pressure. 

A measurement  method  of  the  elongation 
of  fiber  fiber  in  cable  was  presented  and 
discussed. 

The  measured  elongation  of  the  fiber 
in  the  unit  was  quite  the  same  as  the 
elongation  of  the  unit  central  member. 
However,  when  the  several  units  were 
strunded  around  the  cable  tension  member, 
the  straun  of  the  fiber  was  about  0.1% 
lower  than  the  strain  of  cable  itself. 

Moreover,  other  several  mechanical 
properties  of  the  unit  type  cable  were 
tested.  The  unit  type  cable  has  been  found 
to  be  very  stable  for  the  mechanical  prop- 
erty as  well  as  the  transmission  characte- 
ristics. 
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OF  RUGGED  LIGHTWEIGHT  FIBER  OPTIC  CABLES  FOR 
TACTICAL  FIELD  APPLICATIONS 

Robert  J.  Freiburger,  George  A.  Gasparian  and  John  C.  Smith 
ITT  Electro-Optical  Products  Division 
P.  0.  Box  7065,  Roanoke,  Virginia  24019 

Morton  Pomerantz 

U.S.  Army  Communications  R5D  Command 
Fort  Monmouth,  New  Jersey  07703 


Abstract 

Fiber  optic  cables  developed  under  an 
ECOM  contract  were  subjected  to  rigorous 
mechanical  and  environmental  tests  to 
determine  survivability  under  simulated 
field  conditions.  Tests  included 
impact,  bend,  twist,  fatigue  under  load, 
roadway  survival,  high  temperature,  low 
temperature,  minimum  storage  radius, 
and  gripping  and  slippage.  The  testing 
indicated  that  fiber  optic  cables  are 
extremely  rugged,  but  that  some  para- 
meters required  improvement.  Subse- 
quently, a modified  cable  was  developed 
which  exhibited  improved  impact  resis- 
tance, lower  optical  losses,  and 
reduced  jacket  slippage.  Areas  requir- 
ing still  further  development  and  test 
effort  were  identified. 


Introduction 

For  the  past  five  years,  the  U.S.  Army- 
Communications  RfjD  Command  (formerly 
ECOM)  has  been  engaged  in  the  development 
of  ruggedized  fiber  optic  cables  for 
tactical  communications  systems.  For  the 
long  haul  time  division  multiplexed  (TDM) 
system,  high  bandwidth  graded  index  multi- 
mode  fibers  will  be  employed  for  the 
transmission  of  digital  data  at  rates  up 
to  20  megabits  per  second  for  distances 
of  8 km  without  repeaters.  The  standard 
CX-11230  dual  coaxial  cable  would  require 
repeaters  every  1/4  mile  at  these  data 
rates  and  the  system  would  weigh  8636  kg. 
By  contrast,  the  64  km  system  using  fiber 
optics  would  weigh  only  1815  kg.  The  ITT 
Defense  Communications  Division  was 
awarded  a contract  for  the  development  of 
such  a system,  consisting  of  two  special 
optical  modems,  7 optical  signal  repeat- 
ers, 10  one-kilometer  lengths  of  low  loss 
multifiber  optical  cable,  one  cable 
repair  kit,  an  optical  test  set,  and  7 
optical  cable  simulators.  Demonstration 
of  the  system  will  begin  in  late  1978. 


The  CX-4566  (26  pair)  cable  is  currently 
used  in  local  distribution  telephone  anil 
data  systems  within  Army  command  posts. 
The  cable  runs  range  from  100  meters  to 
one  kilometer.  Consequently,  the  atten- 
uation of  the  fiber  optic  cable  replace- 
ment for  the  local  distribution  systems 
need  not  be  as  low  as  that  for  the  long 
haul  TDM  system.  This  less  severe  atten- 
uation requirement  resulted  in  the 
development  of  cables  employing  plastic 
cladded  silica  fibers  under  a contract 
awarded  to  ITT  Electro-Optical  Products 
Division  in  May  1975.  During  that  pro- 
gram cables  were  developed  which  had 
attenuation  less  than  20  dB/km  at  .82  urn 
and  which  exhibited  considerable  resis- 
tance to  rugged  handling  and  adverse 
environmental  conditions.  The  subject  of 
this  paper  is  the  further  development  of 
those  cables  under  an  additional  contract 
awarded  to  ITT  EOPD  in  May  1977.  The  aim 
of  this  contract  effort  was  to  more  fully 
characterize  the  performance  of  cables 
developed  under  the  first  program  and  to 
improve  upon  their  performance  through 
design  changes  and  further  testing. 

Program  Goals 

The  primary  goal  of  this  program  was 
the  development  of  an  improved  fiber  optic 
cable  having  the  optical  and  mechanical 
characteristics  listed  in  Table  1.  A 
reduction  in  fiber  attenuation  to  12 
dB/km  at  .82  pm  and  an  improvement  in 
cable  impact  resistance  to  4 Nm  were  of 
greatest  interest.  In  addition,  the  cable 
should  retain  the  desirable  mechanical/ 
environmental  characteristics  developed 
during  the  previous  program. 

Testing  of  Previous  Cable  Designs 

During  the  May  1975-May  1976  program, 
two  cable  types  were  developed.  As  shown 
in  Figure  1,  the  central  strength  member 
design JECOM  1)  consists  of  a 19-strand 
Kevlar®  strength  member  surrounded  by  a 
Kevlar®  braid.  Six  optical  fibers  are 
helically  laid  around  the  strength  member 
along  with  polyester  fillers.  A helically 


wrapped  TFE  tape  is  applied,  followed  by 
an  extruded  polyurethane  jacket.  The 
external  strength  member  design  (ECOM-3) 
consists  of  a bundle  of  seven  helically 
laid  optical  fibers  at  the  center 
surrounded  by  a polyurethane  jacket. 
Kevlar©  strength  members  are  helically 
laid  around  the  jacketed  bundle,  followed 
by  TFE  tape  and  an  extruded  jacket  of 
polyurethane . 

Both  cable  types  exhibited  good  resis- 
tance to  mechanical  abuse1,  however  it 
was  determined  that  further  testing  was 
required  to  more  fully  characterize 
cable  performance.  Table  2 lists  the 
tests  performed  and  the  following  para- 
graphs describe  the  tests  and  their 
results . 

Impact  Resistance  Test 

Samples  of  cable  types  ECOM  1 and 
ECOM  3 were  tested  for  impact  resistance 
in  accordance  with  MIL-C-13777F  except 
that  impact  testing  ranged  from  1.2-4. 7 
Nm.  Both  cable  types  were  found  to  be  more 
impact  resistant  at  high  and  low  tempera- 
tures than  at  room  temperature.  Earlier1 
impact  resistance  test  findings  at  room 
temperature  were  confirmed  in  that  the 
maximum  impact  energy  at  which  the  ECOM  1 
and  ECOM  3 type  cables  sustained  no 
broken  fibers  was  approximately  2.6  Nm 
and  2.0  Nm2 , respectively.  At  + 85°C 
both  cabl^  types  survived  200  impacts  at 
3.4  Nm  with  no  fiber  breakage  and  at  low 
temperatures3 both  cable  types  survived 
200  impacts  at  energies  up  to  4.75  Nm. 

The  data  presented  above  shows  that 
the  original  program  goal  of  developing  a 
cable  capable  of  withstanding  impact 
forces  over  a wide  temperature  range  is 
achievable.  The  data  also  shows  that 
polymer  coating  materials,  strength  mem- 
bers, and  fibers  can  be  combined  to  form 
an  impact  resistant  cable  if  properly 
selected . 

Bend  Test 

Samples  of  cable  types  ECOM  1 and  ECOM 
3 were  bend  tested  in  accordance  with 
MIL-C-13777F.  All  fibers  in  the  ECOM  3 
cables  survived  bend  testing  at  low 
temperatures3,  room  temperature,  and  high 
temperatures.  Two  fibers  in  one  of  the 
ECOM  1 samples  failed  during  bend  testing 
at  ♦85°C. 

Twist  Test 

Samples  of  cable  types  ECOM  1 and  ECOM 
3 were  twist  tested  in  accordance  with 
MIL-C-13777F.  The  two  cable  types  sur- 
vived the  twist  test  with  no  fiber 
breakage.  The  test  equipment  employed 


in  the  room  temperature  test  allowed  the 
cable  to  be  twisted  the  specified  180 
degrees.  However,  the  test  equipment 
employed  for  the  high  and  low  temperature 
tests  restricted  the  twist  angle  to 
approximately  100  degrees  instead  of  180 
degrees  due  to  the  particular  design  of 
the  equipment. 

Attenuation  vs  Tension 

Attenuation  vs  tension  testing  was  per- 
formed using  the  apparatus  shown  in 
Figure  2 to  simulate  the  effect  of  tensile 
loading  in  the  field.  The  tensile  load 
was  increased  in  eight  increments  to 
181  kg  and  attenuation  was  measured  at 
each  increment.  Neither  cable  type 
showed  significant  increases  in  atten- 
uation over  the  24  meter  gauge  length. 

Fatigue 

Fatigue  testing  was  performed  using  the 
same  test  apparatus  as  that  for  the  atten- 
uation vs  tension  test.  The  objective  of 
this  test  was  to  simulate  a field  condi- 
tion in  which  the  cable  might  experience 
tensile  loads  for  a period  up  to  two 
months.  Moderate  reductions  in  trans- 
mitted power  were  noted  toward  the  end 
of  the  test  period,  but  were  felt  to  be 
within  the  system  power  budget.  No 
fibers  fractured  during  the  two  month 
period . 

Roadway  Survival 

ECOM  1 and  ECOM  3 cables  were  tested  for 
cable  survivability  during  a two-month 
cest  during  which  heavy  vehicular  traffic 
traveled  over  each  cable  type.  Both 
cable  types  survived  two  weeks  without 
any  fiber  breakage.  During  the  third 
week,  one  fibeT  stopped  transmitting  in 
the  ECOM  1 cable.  At  this  inspection, 
it  was  noticed  that  tire  tracks  were 
located  over  the  cables  due  to  inten- 
tional acceleration.  All  fibers  were 
transmitting  in  the  ECOM-3  cable. 
Additional  damage  occurred  during  the 
fifth  week  of  testing  and  four  fibers 
in  the  ECOM  3 cable  stopped  transmitting. 
At  this  time,  two  additional  fibers 
stopped  transmitting  in  the  ECOM  1 cable. 

At  the  conclusion  of  the  two-month  test 
period,  the  attenuation  was  measured  in 
the  remaining  fibers  in  the  ECOM  1 cable. 
The  results  were  comparable  to  pre- 
test values  for  ECOM  1.  The  polyurethane 
cable  jackets  remained  intact,  having  a 
slightly  "dulled"  appearance.  Internal 
components  were  frayed  or  distorted,  but 
remained  intact. 
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High  Temperature  Attenuation 

ECOM  1 and  ECOM  3 cables  were  evaluated 
to  determine  the  effect  of  high  tempera- 
tures (+8S°C)  on  attenuation.  Cables 
were  evaluated  on  reels  and  in  loose 
coils.  Test  data  for  cable  types  ECOM  1 
and  ECOM  3 are  listed  in  Table  3.  Neither 
cable  type  exhibited  significant 
increases  in  attenuation  when  exposed 
to  high  temperature.  The  storage  config- 
uration appeared  to  have  no  influence  on 
the  results  since  average  optical  perfor- 
mance was  nearly  the  same'  in  a loose  coil 
configuration  as  on  a spool,  but  some 
fibers  incurred  significant  increases  in 
attenuation.  This  may  be  attributed  to 
cable  effects  rather  than  reel  config- 
uration. 

Low  Temperature  Attenuation 

Both  cable  types  were  evaluated  at 
-5S°C  to  determine  optical  properties.  As 
shown  in  Table  4,  ECOM  1 and  ECOM  3 cables 
exhibited  no  detectable  light  transmission 
at  -SS°C  (attenuation  equipment  dynamic 
range  "*7  dB).  Although  post-test 
results  showed  slightly  reduced  average 
attenuation  compared  to  pre-test  results, 
some  individual  fibers  showed  increased 
attenuation.  The  samples  were  the  same 
as  used  in  the  high  temperature  tests. 
Between  the  pre-test  results  for  high 
temperature  and  post-test  results  for 
low  temperature  there  was  an  overall 
increase  of  attenuation. 

The  test  was  repeated  at  -45°C,  and  the 
results  are  summarized  in  Table  4.  ECOM 
1 showed  increased  attenuation  of  25-30 
dB/km  but  the  attenuation  of  the  ECOM  3 
samples  increased  by  only  5-10  dB/km. 

The  attenuation  of  fibers  in  both  cable 
types  show  some  degradation  due  to 
exposure  to  the  low  temperature. 

Both  cables  failed  to  transmit  light  at 
-55°C.  The  cause  is  believed  to  be  a 
temperature  induced  density  change  in  the 
silicone  RTV  resulting  in  a significant 
change  in  its  refractive  index.  This 
results  in  a fiber  that  is  very  suscep- 
tible to  microbending  Josses.  Raising 
the  temperature  to  -45°C  improved  trans- 
mission characteristics  significantly 
for  the  ECOM  3 design,  but  losses  in  the 
ECOM  1 design  remained  moderately  high 
compared  to  room  temperature.  The  diff- 
erence in  performance  between  the  two 
cable  designs  is  felt  to  be  related  to 
the  cable  designs  rather  than  the 
silicone. 

Experiments  to  improve  the  low  tempera- 
ture performance  of  these  cables  will  con- 
tinue, with  emphasis  placed  on  the  evalua- 
tion of  alternate  silicone  materials.  The 
interaction  at  low  temperatures  between  the 


fibers  and  other  cable  materials  will  also 
be  studied. 

Minimum  Storage  Radius 

ECOM  1 and  ECOM  3 type  cables  were  eval- 
uated to  determine  the  effect  of  storage 
on  small  diameter  reels  after  cycling  to 
-55°C  and  +85°C.  In  addition,  the 
smallest  diameter  reel  at  which  optical 
and  mechanical  degradation  is  negligible 
was  to  be  determined.  Reel  diameters  of 
11  cm,  15  cm,  and  25  cm  were  selected  for 
evaluation.  The  25  cm  metal  reel  eval- 
uation showed  an  average  increase  in 
attenuation  of  8-9  dB/km  after  the  tem- 
perature tests.  The  exact  cause  of  this 
increase  is  not  known,  however,  this  par- 
ticular test  specimen  had  been  respooled 
several  times  prior  to  testing.  The 
mechanical  effect  was  a slight  set  in  the 
cables  after  the  evaluations.  The  poly- 
urethane jacket  showed  no  degradation. 

Cables  on  15  cm  metal  reels  showed  an 
increase  in  attenuation  of  2-3  dB/km. 

A slight  set  in  the  cables  was  observed. 
The  attenuation  increase  was  negligible 
for  most  fibers.  Since  there  were 
attenuation  increases  in  both  the  15  cm 
and  25  cm  diameter  reel  configuration,  an 
additional  evaluation  was  conducted  with 
an  ECOM  3 cable  on  a 11  cm  metal  reel  to 
determine  the  minimum  storage  radius. 

The  11  cm  reel  was  felt  to  he  the  smallest 
practical  reel  size  for  field  applica- 
tions. No  significant  increases  in  atten- 
uation were  noted  for  most  fibers,  how- 
ever a slight  set  in  the  cables  was  noted 
after  the  completion  of  the  test.  A 
30  cm  section  of  ECOM  3 cable  was  _ 
stripped,  and  no  damage  to  the  Kevlar® 
strength  members  or  inner  polyurethane 
jacket  was  noted.  No  degradation  was 
noted  in  the  outer  polyurethane  jacket. 

Contrary  to  the  results  that  might  be 
expected  of  such  an  evaluation,  cables 
stored  on  the  smallest  reels  exhibited 
the  least  increase  in  attenuation.  The 
data  indicate,  however,  that  cables  of 
the  ECOM  1 and  ECOM  3 designs  can  be 
stored  on  reels  as  small  as  10-15  cm 
diameter  without  significant  increases  in 
attenuation  after  temperature  cycling. 

Gripping  and  Slippage 

Both  cable  types  were  evaluated  for  jac- 
ket slippage  characteristics  using  com- 
mercially available  Kellems  grips  and 
Dead  End  grips.  The  objective  was  no 
slippage  at  181  kg.  Using  the  Kellems 
grips,  slippage  occurred  at  45  kg.  The 
Dead  End  grips  held  until  112  kg  for  both 
cable  types.  Aside  from  differences  in 
grip  types,  a contributing  factor  to 
slippage  was  felt  to  be  the  helically 
wrapped  TFE  tape  employed  in  both  cable 


372 


types  beneath  the  outer  jacket. 

Modified  Cable  Design 

The  extensive  testing  performed  on  the 
HCOM  1 and  ECOM  3 cable  designs  formed 
the  basis  for  a number  of  experiments 
that  would  produce  a cable  design  meeting 
the  program  objectives  listed  in  Table  1. 
Various  designs  were  investigated  with 
effort  concentrating  in  the  following 
areas : 

1.  Improvement  of  fiber  buffers  to 
minimize  microbend  effects  and 
maximize  impact  resistance 

2.  Jacket  material  modifications  to 
reduce  jacket  slippage 

3.  Elimination  of  the  TFE  tape  to 
reduce  jacket  slippage 

The  resultant  cable  design  is  shown  in 
Figure  3 and  consists  of  seven  plastic 
clad  silica  fibers  buffered  to  a diame- 
ter of  1 mm.  The  seven  fiber  bundle 
is  surrounded  by  an  extruded  polyure- 
thane jacket,  followed  by  a layer  of 
Kevlar®  strength  members  and  a final 
polyurethane  jacket. 

Testing  of  Modified  Cable 

Representative  samples  of  the  modified 
external  strength  member  cable  were 
subjected  to  impact  and  bend  tests  at 
-55°C  to  +85°C  and  were  evaluated  for 
jacket  slippage.  Fatigue  testing  over 
a two-month  period  will  begin  during 
August,  1978. 

Impact  Testing 

Impact  testing  was  performed  on  six 
cable  samples  at  each  temperature  in  the 
range  of  + 85°C  to  -55  C.  As  shown  in  Fig- 
ure 4,  survivability  was  high  within  the 
range  of  +85  C to  -30  C,  but  38%  of  the 
fibers  failed  at  -55  C at  the  specified 
impact  energy  of  4 Nm.  Additional  testing 
at  4.4  Nm  and  4 . 7 Nm  confirmed  the  results. 
The  high  failure  rate  at  -55°C  was  a 
result  of  the  fracture  of  the  outer 
polyurethane  jacket  which  became  brittle 
at  that  temperature.  The  jacket  material 
employed  was  a slightly  modified  grade 
of  polyurethane  intended  to  provide  a 
"matte"  finish  and  a green  color.  Since 
the  data  presented  earlier  in  this  gaper 
indicated  high  survivability  at  -45  C for 
ECOM  1 and  ECOM  3 types,  additiogal  0 
testing  will  be  performed  at  -4S  to  -55  C 
on  cables  employing  various  grades  of 
polyurethane  to  determine  survivability. 


Bend  Testing 

Bend  testing  was  performed  at  +85°C, 
room  temperature,  and  -55°C.  Three  Jzable 
samples  were  tested  at  each  temperature 
with  no  fiber  failures. 

Gripping  and  Slippage 

The  modified  cable  design  was  tested 
for  jacket  slippage  using  commercially 
available  Kellems  grips  and  Dead  end  grips. 
In  contrast  to  the  performance  of  the 
ECOM  1 and  ECOM  3 designs,  the  modified 
external  strength  member  cable  showed  no 
slippage  with  either  type  grip  up  to  the 
specified  load  of  181  kg.  This  drastic 
improvement  is  felt  to  be  a result  of  the 
change  in  outer  jacket  material  and  the 
elimination  of  the  TFE  tape. 

Summary 

The  modified  external  strength  member 
cable  developed  under  this  program  repre- 
sents another  step  forward  toward  the 
eventual  replacement  of  conventional  con- 
ductors with  fiber  optics.  It  has  been 
shown  that  optical  fiber  cables  can  with- 
stand rugged  tactical  field  conditions 
over  wide  temperature  ranges  without  sig- 
nificant mechanical  degradation.  The 
modified  external  strength  member  design 
has  met  the  impact  resistance  goal  ofQ 
4 Nm  at  temperatures  ranging  from  + 85  C 
to  -30°C.  It  has  exhibited  average  atten- 
uation of  12  dB/km  at  .82  um , far  below 
the  1975  goal  of  50  dB/km.  A question 
still  to  be  answered  is  the  lowest  tem- 
perature at  which  plastic  cladded  silica 
fibers  are  operational,  current  data 
indicating  -40  to  -45°C.  Work  will  con- 
tinue in  this  area,  concentrating  on 
fiber  and  cable  materials  research. 
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Table*  1.  Program  Goals.  Table  3.  High  Temperature 

Attenuation . 


Parameter 

Goal 

Attenuation 

<12  dB/km  8 .82  pm 

Attenuation 

(dB/km 

8 .82  pm) 

Pre-Test 

24°C 

Test 

8S°C 

Post-Test 

Impact  Resistance 

4 Nm  8 200  impacts, 
-S5°C,  RT,  +8 5°C 

24°C 

ECOM  1 

Bend 

Survive  2000  cycles 

8 RT,  1000  cycles  at 
-SS°C  and  +8 5°C 

15  cm  Reel 

13.9 

13.1 

16.5 

15  cm  Coil 

13.6 

14.0 

16.3 

Fatigue 

No  fiber  breakage  nor 
significant  increases 

ECOM  3 

in  attenuation  8 45 
kg  over  two  months 

15  cm  Reel 

9.9 

11.3 

11.6 

Jacket  Slippage 

No  slippage  at  loads 
up  to  181  kg 

15  cm  Coil 

10.2 

12.7 

13.8 

Table  2.  Tests  Performed  on 

Previous  Cable  Designs. 


Table  4. 


Low  Temperature 
Attenuation. 


Attenuation  (dB/km  8 .82  pm) 
Pre-Test  Test  F>ost-f  est 
24°C  - 55°C  24°C 


1 . 

Impact 

Survive  200  4 Nm 

Resistance 

impacts  8 -55°C,  RT , 

+ 8 5°C 

ECOM  1 

15  cm  Reel 

16.6 

No  light 

15.2 

2. 

Bend 

Survive  2000  cycles 

8 RT,  1000  cycles 

8 - 55°C , +8  5°C 

15  cm  Coil 

16.3 

No  light 

15.5 

ECOM  3 

3. 

Twist 

Survive  2000  cycles 

8 RT,  1000  cycles 

8 - 55°C , + 85°C 

15  cm  Reel 

11.8 

No  light 

12.7 

15  cm  Coil 

13.6 

No  light 

12.4 

4. 

Attenuation 

Minimum  increase  in 

Pre-Test  Test 

Post -Test 

vs  Tension 

attenuation  at  loads 

24  C 

-4  5 C 

24°C 

up  to  181  kg 

ECOM  1 

5. 

Fatigue 

No  fiber  breakage 
during  two  month 

15  cm  Reel 

15.2 

38.0 

17.2 

period  at  45  kg 

15  cm  Coil 

15.5 

40.4 

15.9 

6. 

Roadway 

No  fiber  breakage 

ECOM  3 

Survival 

during  two  month 

test  period 

15  cm  Reel 

12.7 

20.6 

16.2 

7. 

High  Temperature 

No  increase  in 

15  cm  Coil 

12.3 

15.0 

13.7 

Attenuation 

attenuation  at  +85°C 

8.  Low  Temperature 
Attenuation 

9.  Minimum  Storage 
Radius 


10.  Gripping  and 
SI ippage 


No  increase  in 
attenuation  8 -55°C 

Determine  smallest 
diameter  reel  on 
which  cables  can  be 
stored  at  tempera- 
ture extremes 

Determine  slippage 
characteristics  with 
Kellems  and  Dead  End 
Grips 
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Figure  1.  Previous  Cable  Designs 


Figure  2.  Attenuation  vs  Tension. 


Figure  3.  Optimized  Low  Cost  Fiber  Optic  Cable 


6 CABLES  TESTED  AT  EACH  TEMP 

7 FIBERS  PER  CABLE 


Figure  4.  Impact  Test 
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FIBER  OPTIC  CABLE  DESIGN,  TESTING  AND  INSTALLATION  EXPERIENCES 


Peter  R.  Bark 

(Siecor  Optical  Cables,  Inc.,  Horseheads,  NY) 

Ulrich  Oestreich  and  Gllnter  Zeidler 
(Siemens  AG,  Munich,  West  Germany) 


Abstract 

This  paper^deals  with  design  considerations 
for  Siecor  optical  cables  usable  in  vari- 
ous fields  of  applications.  A loose  tube 
fiber  protection  has  been  specially  devel- 
oped in  order  to  decouple  the  fiber  from 
forces  applied  to  the  cable.  This  con- 
struction preserves  all  optical  properties 
of  the  glass  fiber  during  and  after  cable 
manufacturing,  during  installation  and  over 
the  operating  range  of  environments.  Fiber 
excess  length,  tube  dimensions  and  cable 
materials  are  discussed  for  a great  variety 
of  cable  constructions,  such  as:  indoor 
cables,  hook-up  connections,  duct  and  con- 
duit cables,  burial  and  direct  plcw-in 
cables,  aerial  cables  for  severe  weather 
conditions,  maximum  pole  distances,  and  for 
extreme  high  pull  strength  values.  The 
cable  performance  is  described  by  a number 
of  test  procedures  put  into  practice  and  by 
some  installation  experiences. 


1 . Design  Considerations 

The  mechanical  properties  and  transmission 
characteristics  of  optical  waveguide  cables 
are  mostly  determined  by  microbends, 
attenuation  change  with  temperature,  and 
strain  of  the  optical  fibers.  In  high- 
performance,  low-loss  optical  fiber  cables 
one  has  to  minimize  these  effects. 

1 2 

As  reported  before  ' , Siecor  protects  the 
optical  fibers  against  microbending  by 
applying  a loose  plastic  tube.  This  buffer 
jacket  consists  of  an  inner  Halar  layer,  a 
material  providing  low  friction  between 
fiber  and  buffer;  and  an  outer  layer  of 
PBTP , a high-modulus  polyester  which  pro- 
vides high  mechanical  strength.  The  buffer 
jacket  has  an  i.d.  ranging  from  0.8  to 
1.3  mm  and  an  o.d.  ranging  from  1.1  to 
2.0  mm  depending  on  cable  type  and  appli- 
cation. The  fiber  can  move  freely  inside 
the  buffer  jacket  and  can  automatically 
adjust  to  a position  of  minimum  bending 


* Supplied  by  Corning  Glass  Works,  cladding 
o.d.  125  um,  overall  o..d.  (including 
cellulose  acetate  lacquer)  138  ym 


strain,  i.e.  the  position  of  minimum 
excess  attenuation  caused  by  bends. 

Because  of  the  special  buffering  process, 
the  fiber  is  longer  than  the  buffer 
jacket.  This  well-defined  excess  length, 
typically  0.1%,  is  chosen  in  such  a way 
that  practically  no  measurable  excess  loss 
is  caused  by  the  statistical  fiber  bends 
(macrobends)  of  the  fiber  helix  inside  the 
loose  tube^;  see  Figure  la.  When  loading 
the  cable,  first  the  strength  members  get 
stressed  without  transferring  stress  to 
the  fiber.  If,  at  increased  cable  load, 
the  buffer  jacket  is  strained,  the  fiber 
still  remains  stress-free  and  can  freely 
adjust  to  a nearly  "straight"  position 
(see  Figure  lb) . All  long-term  ratings 
given  later  on  for  the  different  cable 
designs  are  based  upon  this  fiber  position 
inside  the  loose  tube. 


Fiber  in  Buffer  Jacket 
After  Cable  Manufacturing 


Decrease  of  Fiber  Excess 
Length  Caused  by  Strain  Of 
Buffer  Jacket  During  Cable  Stress 


Figure  1: 


Increase  of  Fiber  Excess 
Length  Caused  by  Shrinkage 
Of  Buffer  Jacket  Materials 
During  Cooling 

Optical  Fiber  with  Excess  Length 
Inside  a Loose  Buffer  Jacket 


If  the  buffer  jacket  strain  surpasses  the 
fiber  excess  length,  the  fiber  is  in  a 
tensile  stress  state  causing  microbending 
losses,  especially  at  the  points  where  the 
fiber  is  supported  by  the  buffer  jacket. 
This  situation  causes  attenuation  increase 
and  probably  fatigue  effects.  In  order  to 
prevent  irreversible  attenuation  changes 
and/or  fiber  breakage,  the  cable  should  be 
loaded  to  this  stress  level  for  a short 
period  only.  This  is  the  short-term  rat- 
ing for  installation. 

Figure  lc  shows  the  case  for  increased 
fiber  excess  length  caused  by  shrinkage  of 
the  buffer  jacket  plastic  materials  during 
cooling.  The  attenuation  remains  stable 
until  the  shortened  mechanical  period  of 
the  fiber  helix  creates  macrobending 
losses  and  this,  together  with  the 
increased  pressure  between  the  fiber  and 
the  inner  wall  of  the  buffer  jacket, 
creates  microbending  losses. 

The  above  described  effects  are  summarized 
in  Figure  2,  where  the  attenuation  change 
ag  of  a cable  in  dB/km  is  given  for  both 
elongation  and  compression  in  percent  for 
a buffer  jacket  with  0.8  mm  i.d.  The 
attenuation  increases  drastically  if  the 
buffer  jacket  is  strained  or  shortened 
beyond  +.1%.  For  negligible  attenuation 
change  the  allowed  elongation/compression 
has  to  stay  within  the  small  window  of 
approximately  +.1%.  All  needed  additional 
strain  has  to  be  covered  by  the  subsequent 
cable  design  (increased  buffer  jacket  i.d., 
stranding,  pitch,  etc.). 


Figure  2:  Attenuation  Change  c©  vs.  Strain 
(Buffer  Jacket  i.d.  0.8  mm) 


2.  Cable  Designs 

2.1.  Standard  Cables  - In  the 
following  we  are  describing  several  stand- 
ard cable  designs  which  have  been  proven  as 
indoor  and  outdoor  cables  for  tray,  duct 
and  underground  installations. 

Figure  3a  shows  the  cross  sectional  diagram 
of  an  indoor  one-fiber  cable.  A layer  of 
reinforcing  fiberglass  yarn  is  spun  around 
the  buffer  jacket  and  protected  by  a poly- 
urethane (PUR)  jacket.  This  light-duty 
cable  was  designed  for  use  in  a variety  of 
environments  over  moderate  installation 
distances.  The  fiberglass  strength  member 
is  used  to  impart  to  the  cable  a degree  of 
longitudinal  stiffness.  The  tightly- 
extruded  PUR  sheath  is  still  flexible  and 
provides,  together  with  the  glued  fiber- 
glass, a longitudinal  stiffness  for  a broad 
operating  temperature  range  (-30°  to  +50° 

C) . This  cable  can  be  reinforced  by  an 
additional  layer  of  Aramid-yarn  (Figure  3b) 
which  is  covered  by  an  outer  PVC  sheath. 

For  a two-fiber  cable  construction,  two 
subunits  as  shown  in  Figure  3c  are  used  and 
reinforced  by  a layer  of  Aramid-yarn.  The 
material  of  the  outer  sheath  of  this  flat 
cable  is  either  PVC  or  PUR. 

Cables  for  a larger  number  of  fibers  and 
for  higher  performance  levels  are  made  by 
stranding  the  loose  tube  buffers  with  per- 
fect backtwist  around  a central  element. 

In  standard  cables  this  central  element 
consists  of  a buffered  high-modulus  steel 
wire,  operating  as  an  anti-buckling  ele- 
ment. The  performance  of  stranded  cables 
is  determined  by  the  stranding  induced 
fiber  excess  length,  the  value  of  which 
can  be  an  order  of  magnitude  higher  than 
for  unstranded  cables.  By  properly  select- 
ing the  stranding  parameters  and  defining 
the  cross  section  of  Aramid  yarns,  operat- 
ing temperature  range  and  allowable  instal- 
lation forces  are  determined.  Typical 
values  of  these  for  stranded  standard  cab- 
les are  -40°  to  +70°C  and  600N. 

2.2.  Modified  Cable  Designs  - In  order 
to  meet  special  requirements,  the  standard 
cable  design  can  be  modified  easily.  The 
following  design  changes  have  been  achieved 
in  our  product  line: 

All  dielectric  cables  are  desirable  in 
environments  with  a high  probability  of 
lightning.  In  these  cases  the  central 
element  can  be  replaced  by  a fiberglass 
reinforced  plastic  element,  e.g.  40% 
fiberglass  rovings  incorporated  in  an 
epoxy  matrix. 

Flame  retardant  cables  are  required  for 
building  installacions  and  for  nuclear 
power  plant  applications.  Cables  meet- 
ing the  IEEE-383  flame  test  have  been 
designed,  manufactured  and  installed. 
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BUFFER  JACKET: 
HALAR/PBTP 


with  freezing  temperatures,  is  to  be 
expected  (see  paragraph  2.3). 


1 FIBER  CABLE 


BUFFER  JACKET: 
HALAR/PBTP 

FIBERGLASS 

PUR  JACKET 

KEVLAR 

PVC  JACKET, 

5.0  MM  O.D. 


1 FIBER  CABLE 


BUFFER  JACKET: 
HALAR/PBTP 

FIBERGLASS 

PUR  JACKET 

KEVLAR 

PVC  JACKET 
5.0  X 8.5  MM 


2 FIBER  CABLE 

Figure  3:  Standard  One-  And 
Two-Fiber  Cable* 


Copper  wires  incorporated  into  fiber 
cable  designs  are  needed,  where  repeat- 
ers have  to  be  powered.  These  cable* 
have  been  successfully  tested. 

Filled  cables  are  recommended  in  all 
cases  where  the  presence  of  water  due 
to  damage  to  the  cable  jacket,  together 


Rodent  protection  for  underground 
cables  can  be  achieved  by  an  additional 
outer  PUR  sheath  or  a steel  tape  armor- 
ing. 


2.3.  Filled  Cables  - Aging  and  fatigue 
tests  in  the  presence  of  water  or  moisture 
with  bare  fibers  which  are  under  no  stress 
indicate  that  no  deterioration  of  optical 
and  mechanical  properties  can  be  observed. 

In  the  case  of  cable  jacket  damage,  water 
can  penetrate  into  the  cable  core  and 
further  into  the  buffer  jacket.  Presence 
of  water  and  temperatures  below  0°C  may 
lead  to  ice  forming  inside  the  buffer 
jacket  and  may  create  attenuation  increase 
due  to  expansion  of  the  ice  and  micro- 
bending. These  effects  can  be  avoided  by 
filling  the  buffer  jackets.  A suitable 
filling  compound  used  in  our  cables  is  a 
plastified  PUR-jelly.  The  cured  resin  is 
adjusted  to  be  sufficiently  soft  and  partly 
self  healing  to  still  allow  the  necessary 
fiber  movements  with  a time  constant  below 
one  second  (see  Figure  4) . 


FIBERGLASS 
EPOXY 

PUR  BUFFER 

BUFFER 
JACKET: 
HALAR 
FILLED  WIH 
PUR  JELLY 

PLASTIC 
TAPES 

KEVLAR 

PUR  JACKET 
7.6  MM  O.D. 

Figure  4:  All  Dielectric  10-Fiber 
Cable  Containing  Buffer 
Jackets  Filled  with  PUR-.Telly 

For  cables  containing  both  fibers  and 
copper  wires,  the  cable  core  can  be  filled 
also.  The  core  filling  compound,  also  a 
PUR-jelly,  is  selected  to  ease  buffer 
jacket  slippage  when  the  cable  is  bent. 


2.4.  Special  Application  Cables  - 
Fiber  optic  cables  which  are  exposed  to 
environments  requiring  extreme  loads  and 
broad  operating  temperature  ranges  during 


life  and/or  during  a short  period  of  time 
(installation)  have  to  be  designed  differ- 
ently. 

Direct  Burial  Cables  - Direct  burial 
cables  are  exposed  to  high  pulling  forces 
and  additional  mechanical  loads  (crushing, 
impact)  during  the  plow-in  procedures. 

Once  the  cables  are  installed,  earth  dis- 
placements caused  by  frost  may  give  the 
direct  buried  cables  additional  loads.  In 
addition,  underground  cables  can  be 
attacked  by  rodents.  On  the  other  hand, 
the  operating  temperature  range  is  likely 
to  be  moderate. 

Mainly,  two  different  plow- in  cables  have 
been  designed,  characterized  and  success- 
fully tested.  One  cable  design  consists  of 
an  inner  cable  core  similar  to  standard 
cables  with  filled  buffer  jackets.  The 
outside  jacket  is  reinforced  by  one  layer 
of  stainless  spring  steel  wires  and  two 
layers  of  steel  tape.  This  armoring  has 
been  designed  for  plow- in  procedures  (5 
feet  deep)  requiring  up  to  3000  N tensile 
force.  For  standard  plow-in  procedures  up 
to  3 feet  deep  and  soft  ground,  we  have 
designed  an  all  dielectric  plow-in  cable. 
This  cable  is  protected  by  an  additional 
layer  of  Aramid  reinforcement  yarns  and  an 
outer  scuff-  and  rodent-proof  PUR  jacket. 

Aerial  Cables  - The  design  options  for 
aerial  cables  are  concentric  self- 
supporting,  figure-8  and  lashed  to  a mes- 
senger cable.  The  correct  design  is 
determined  mostly  by  the  load  requirements, 
as  ice  and  wind  loadings,  maximum  pole 


distance  and  maximum  allowable  sag.  For 
moderate  temperature  zones,  figure-8  and/or 
lashed  cables  are  recommended.  For 
applications  in  the  northern  hemisphere, 
one  has  to  consider  heavy  loadings  up  to 
35  mm  radial  ice  and  operating  temperature 
ranges  from  -40°C  to  +50°C.  Under  these 
conditions  concentric  self-supporting  aer- 
ial cable  designs  are  preferable.  Spring 
steel  wires  are  used  as  a strength  member. 
The  wires'  total  cross  section  must  be 
great  enough  that  the  cable  strain  does  not 
exceed  their  elastic  strain,  i.e.  approxi- 
mately 0.5*.  Figure  5 shows  a cross  sec- 
tional diagram  of  a self-supporting  aerial 
cable  which  has  been  designed  for  35  mm 
radial  ice  loading,  75  m pole  distance  and 
a maximum  sag  of  2 to  3 feet.  Using  33 
spring  steel  wires,  1 mm  diameter  each,  we 
arrive  at  a design  load  of  25000  N and  0.6% 
strain. 

Pressure  Tight  Cables  - For  underground 
nuclear  testing,  an  all  dielectric  cable 
was  designed  and  manufactured  which  with- 
stands a 125  psi  gas  pressure  along  a 10- 
foot  sample  during  a 24-hour  test  period. 
The  cable  core  and  the  buffer  jackets  are 
completely  filled  with  a PUR- jelly.  The 
Aramid  yarns  had  to  be  impregnated  with  a 
PUR-jelly  of  lower  viscosity  than  the  core 
filling  compound.  An  inner  PUR  sheath  i^ 
tightly  extruded  over  the  cable  core.  In. 
order  to  avoid  blowing  up  this  inner  sheat^i 
under  the  inner  gas  pressure,  an  additional 
Aramid  yarn  spinning  is  applied  over  the 
inner  sheath.  The  outer  cable  sheath  con- 
sists of  PUR;  the  cable  O.D.  is  9 mm. 


3.  Cable  Testing 

To  insure  reliability  over  a life  time, 
all  Siecor  cable  designs  are  subjected  to 
optical,  mechanical  and  environmental 
tests.  The  following  mechanical  tests  are 
meaningful  tools  to  characterize  cable 
capability  and  field  of  application: 

- Tensile  test 

- Temperature  test 

- Impact  test 

- Crush  resistance  test 

- Bending  test 

- Flexibility  test 


two  shafts  which  are  25  m apart.  With  the 
help  of  an  insertion  loss  measuring  device, 
the  attenuation  change  versus  pulling  force 
is  measured.  In  the  short-length  test  the 
structural  cable  strength,  determined  by 
the  cross  sectiun  cf  the  strength  members, 
is  measured.  Optical  fiber  breakage  is 
monitored  visually.  Figure  8 shows,  quali- 
tatively, changes  in  cable  attenuation  and 
the  probability  of  optical  fiber  breakage 
as  a function  of  tensile  force.  Cable  rat- 
ings are  derived  from  this  model,  based 
upon  empirical  results  using  the  equipment 
and  test  procedures  described  above. 


Most  of  these  tests  are  carried  out 
according  to  MIL-DOD-STD  1678. 

In  order  to  simulate  actual  installation 
and  handling  conditions,  all  our  cables 
are  subjected  to  both  long  and  short 
gauge-length  tests  after  manufacturing 
(see  Figures  6 and  7) . 


Measuring  Device 

Figure  6:  Long-Length  Tensile  Test 


Tensile  Force  — • 

Figure  8:  Effect  of  Tensile  Force 
On  Cable  Properties 


Recommended  residual  stress  for  no 
change  in  transmission  properties 

Recommended  tensile  force  for 
installation  (reversible  change  in 
transmission  properties) 

Force  at  which  the  first  optical 
fiber  may  break 

Force  at  which  the  cable  may 
rupture  (structural  cable  strength) 


Light 

Source 


Figure  7:  Short- Length  Tensile  Test 


In  the  long-length  test  a 150  m cable 
portion  of  the  manufacturing  length  is 
loaded.  The  cable  is  fixed  with  two 
chuck-drums  and  looped  three  times  between 


Figure  9 shows  attenuation  data  of  cables 


before  and  after  installation  for  a duct 
system.'*®  The  figures  indicate  that 
there  is  no  measurable  change  of  fiber 
attenuation.  These  cables  were  installed 
using  conventional  tools.  The  major 
advantage,  however,  was  that  longer  cable 
length  over  a greater  number  of  bends 
could  be  installed  in  one  run.  Easy-to- 
handle  splicing  and  measuring  equipment  is 
available  and  was  successfully  used  in  the 
field. 


Figure  9:  Cumulative  Frequency 
Distribution  of  the 
Attenuation  of  Cables 
Before  and  After 
Installation 
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DESIGN  AND  MANUFACTURE  OF  AN  EXPERIMENTAL  LIGHTGUIDE  CABLE  FOR  UNDERSEA  TRANSMISSION  SYSTEMS 


R.  F.  Gleason  and  R.  C.  Mondello 
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Holmdel,  New  Jersey 


ABSTRACT 

This  paper  describes  the  design  of  an 
experimental  lightguide  cable  for  use  in  long  haul, 
high  capacity  undersea  communication  systems.  It 
goes  on  to  describe  the  methods  used  to  manufacture 
a series  of  test  lengths.  Preliminary  results  from 
physical  and  transmission  tests  are  discussed. 


Design  Requirements 

Mechanical 

The  mechanical  design  of  undersea  cable 
is  constrained  at  least  as  much  by  considerations 
of  installation  and  recovery  as  by  the  stable 
pressure  and  temperature  conditions  on  the  ocean 
floor.  It  is  usually  more  economical,  and  intro- 
duces no  performance  penalty,  to  fit  the  cable  to 
the  capacities  of  existing  cable  handling  machinery 
than  to  significantly  increase  the  equipment 
capability. 

During  installation,  the  cable  experi- 
ences tension  varying  from  essentially  zero  at  the 
ocean  bottom  to  a value  at  the  ship  equal  to  the 
weight  per  unit  length  of  the  cable  in  sea  water 
multiplied  by  the  depth  of  the  water.  The  tension 
capability  of  the  cable  engine  at  the  desired  lay- 
ing speed  thus  determines  the  maximum  weight  limit 
for  the  cable  design.  For  the  Bell  System  cable 
ship  C.S.  LONG  LINES,  the  tension  capability  is 
72  kN,  so  for  use  in  maximum  ocean  depths,  the 
weight  of  the  cable  must  not  exceed  8.L  kN/km. 

If  an  emergency  situation  occurs  during 
cable  installation  or  recovery  where  the  cable 
tension  becomes  extremely  high,  it  is  more  prefer- 
able for  the  cable  to  break  than  for  the  cable 
engine  to  suffer  structural  damage.  The  cable  can 
be  recovered  and  repaired  by  equipment  and 
personnel  on  the  ship.  With  the  brakes  set  to 
protect  the  motors,  the  strength  of  the  LONG  LINES 
cable  engine  is  180  kN;  this  then  is  the  maximum 
acceptable  cable  breaking  strength. 

It  is  necessary  to  minimize  the  occurrence 
of  cable  suspensions  on  the  ocean  floor  since  these 
introduce  undesirable  static  tension  and  are  vul- 
nerable to  snagging  by  ships'  anchors  and  fishing 
trawler  gear.  To  achieve  this,  calculations  based 
on  ocean  bottom  profiles  and  ship  handling 
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characteristics  show  that  the  minimum  satisfactory 
sinking  rate  for  a cable,  when  sinking  horizontally, 
is  0.97  km/hr.  For  a given  cable  diameter,  this 
establishes  the  minimum  acceptable  cable  weight  in 
water.  For  example,  a 20  mm  cable  must  weigh  at 
least  1.89  kN/km,  and  a 25  mm  cable  at  least  2.52 
kN/km. 

In  order  to  be  able  to  recover  a cable 
from  the  ocean  floor  the  cable  must  be  strong 
enough  to  support  its  own  weight  in  a catenary 
between  the  surface  and  the  bottom.  In  addition, 
dynamic  stresses  are  introduced  by  the  motion  of 
the  ship  in  response  to  wave  action.  Experience 
has  shown  that  a satisfactory  cable  must  have  a 
breaking  strength  greater  than  the  weight  of  19  km 
of  cable  in  water. 

For  a given  diameter,  the  above  con- 
siderations give  maximum  and  minimum  cable  weight 
and,  for  a given  weight,  maximum  and  minimum 
strength.  The  results  for  a 25  mm  cable  are  shown 
in  Figure  1. 
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Under  normal  laying  conditions,  a cable 
as  shown  in  Figure  2,  will  experience  approximately 
0.25  percent  strain.  During  recovery,  however, 
strains  as  high  as  1 percent  can  be  expected.  At 
the  same  time  the  cable  will  be  bent  around  sheaves 
of  1.0  to  1.5  meter  radius.  Our  goal  is  to  develop 
a cable  which  will  withstand  1 percent  strain  and 
repeated  bending  over  a 1 meter  radius  without 
damage . 

Electrical  and  Transmission 

Since  repeaters  in  undersea  cable  systems 
are  series  powered,  the  transmission  cable  also 
provides  the  DC  power  path.  Consideration  of  power 
separation  filter  design  led  to  establishing  a 
maximum  power  feed  voltage  of  11  kV.  For  a 6500  km 
system,  using  the  best  available  estimates  for 
repeater  power  requirements,  the  maximum  acceptable 
DC  resistance  for  the  cable  is  0.65ft/km. 

To  establish  the  insulation  thickness, 
the  maximum  field  strength  was  set  at  3 kV/mm.  This 
is  low  by  normal  power  cable  standards,  but  we  be- 
lieve it  is  justified  when  considering  the  sea  water 
environment  and  the  long  history  of  problems  with 
splices  and  molded  Joints  in  the  ocean. 

For  the  lightguide  fibers,  we  established 
a target  of  no  more  than  1 dB/km  cabling  loss,  which 
has  been  achieved  in  land  cable.  Further,  to  per- 
mit handling  there  must  be  no  permanent  attenuation 
change  when  the  cable  is  flexed  repeatedly  over  a 
1 m radius  and  when  tensioned  to  1 percent  strain. 


STRAND  DIAMETER 
CONDUCTOR  00 (ALUMINUM)  • lO.Smm 
INSULATION  00  * S1.0MB 
JACKET  00  • tS.Oaa 

FMURE  t UNDERSEA  LIEHTSUIDE  CAMLE  OESISN 

Trial  Design 

A basic  cable  design  which  satisfies  the 
mechanical  and  electrical  requirements  outlined 
above  already  exists.  Undersea  coaxial  cable  has 


the  required  strength,  weight,  strength  to  weight 
ratio,  DC  resistance,  and  maximum  field  strength. 
This  cable  also  has  a long  history  of  manufacture, 
installation,  and  service.  We  need  only  modify  its 
design  to  provide  for  fiber  communication,  choose 
an  appropriate  size  based  on  systems  considera- 
tions, and  take  advantage  of  any  cost  reductions 
associated  with  the  fiber  medium. 

Cable  Design 

Figures  2 and  3 show  the  design  of  an 
experimental  lightguide  cable  for  undersea  trans- 
mission. Figure  2 gives  the  overall  cable  design, 
while  Figure  3 provides  details  of  the  central 
fiber  core.  Beginning  with  Figure  2,  we  have  a 
fiber  core  which  is  discussed  below  in  detail,  a 
steel  strand,  a metallic  conductor,  high  voltage 
insulation,  and  a protective  Jacket.  The  strand 
consists  of  2h  helically  wound  steel  wires  which 
provide  the  cable  strength,  weight,  and  modulus. 

This  strand  is  surrounded  by  a conductor  which 
allows  us  to  satisfy  the  constraint  on  DC  resist- 
ance. Copper  has  been  used  for  this  conductor  in 
all  our  test  cables  to  date,  as  it  has  in  all 
undersea  coaxial  cable.  However,  we  ultimately 
plan  to  use  aluminum  for  this  conductor  because  of 
its  potentially  significant  cost  savings.  Note 
that  this  metallic  conductor  also  provides  a mois- 
ture barrier  for  the  fibers.  High  voltage  insula- 
tion is  provided  by  a low  density  polyethylene 
layer  whose  thickness  is  determined  by  maximum 
field  strength  considerations.  Finally,  a high 
density  polyethylene  jacket  may  or  may  not  be  pro- 
vided for  the  cable.  This  question  is  presently 
um.er  investigation. 

Fiber  Core  Design 

In  considering  the  fiber  core  design  we 
will  first  discuss  its  location  and  the  fiber 
encapsulation  scheme.  Note  that  the  core  has  been 
placed  within  the  steel  strand  at  the  center  of 
the  cable.  This  location  provides  maximum  protec- 
tion for  the  fibers,  places  them  close  to  the 
cable's  neutral  bending  axis,  and  provides  for  an 
essentially  symmetric  loading  due  to  applied  sea 
bottom  pressure.  The  fibers  have  been  completely 
encapsulated  within  the  core  by  an  elastomeric 
buffer  which  completely  surrounds  each  fiber.  This 
buffer  isolates  the  fibers  from  any  highly  localized 
loads  which  could  cause  microbending  and  excess 
fiber  loss,  holds  the  fibers  in  a predetermined 
array,  and  makes  handling  of  the  core  during  manu- 
facture a straightforward  procedure. 

Examining  the  fiber  core  in  detail. 

Figure  3,  we  find  a central  steel  wire,  the  fibers 
themselves,  an  encapsulant  material,  and  an  outer 
sheath.  The  central  wire  is  required  to  provide 
strength  to  the  core  structure  for  manufacturing 
purposes.  The  fibers,  which  may  be  single  mode  or 
multimode,  are  helically  wrapped  within  the  encap- 
sulant to  provide  for  strain  equalization  in  large 
diameter  bending.  The  encapsulant  is  ideally  an 
easily  strippable  material  which  has  a low  Young's 
modulus  and  a moderately  high  melting  p int. 

Finally,  an  outer  sheath  of  a higher  modulus 


material  is  provided  to  ensure  dimensional  sta- 
bility during  subsequent  manufacturing  operations. 

Based  on  present  estimates  for  system 
parameters,  the  design  described  above  has  been 
optimized  to  provide  a minimum  cost  cable.  The 
dimensions  used  in  our  experimental  cable  are  shovn 
in  Figures  2 and  3,  and  Table  1 provides  a listing 
cf  cable  properties. 


CENTER  WIRE  00>0.«mi> 
NUMBER  OF  FIBERS  *12 
FIBER  00  (COATED)  • itOfim 
SHEATH  THICKNESS  I 0.1m 
CORE  00  > E Bm 


FIGURE  3 CORE  DESIGN 

PROPOSED  LIGHTGUIDE  EXPERIMENTAL  CABLE 


DESIGN  OBJECTIVE 


STRENGTH 

85  kN 

<180 

WEIGHT  IN  WATER 

2.7  kN/km 

<_8.U 

STRENGTH/WEIGHT  RATIO 

31  km 

>19 

SINKING  VELOCITY 

1.0  km/hr 

>0.97 

DC  RESISTANCE 

0.65^/km 

5-0.65 

MAXIMUM  E FIELD 

3.0  kV/mm 

<_3.0 

TABLE 

1 

Manufacture  of 

Trial  Lengths 

Manufacture  of  the  experimental  light- 
guide  cable  involves  three  basic  operations:  (a) 
fabrication  of  the  fiber  core,  (b)  fabrication  of 
the  composite  strand-conductor  structure,  and  (c) 
insulation  extrusion.  Ancillary  operations  include 
rewinding  of  optical  fibers,  optical  testing,  and 
physical  testing  of  the  cable. 

Fiber  Core 

Manufacture  of  the  experimental  cable 
begins  with  receipt  at  Simplex  Hire  & Cable  Company 
of  optical  fibers  rrom  Bell  Laboratories,  where 
they  have  been  manufactured  and  proof  tested  to 

2 1*0  MPa.  To  establish  initial  conditions,  insertion 


loss  is  measured  in  each  fiber  using  equipment 
calibrated  to  ±0.10  dB.  Fibers  are  connected  to 
the  test  leads  using  vacuum  chucks  and  an  index- 
matching fluid.  The  testing  is  performed  in  an 
environmentally  controlled  room,  and  to  confirm  the 
accuracy  of  measurements,  test  results  are  compared 
with  measurements  made  previously  at  Bell 
Laboratories . 

Following  testing,  fibers  are  rewound  on 
equipment  developed  by  Simplex  Wire  and  Cable 
Company.  The  present  design  for  a fiber  rewinder 
includes  a low  tension  (50  mN)  payoff  and  high 
tension  (50  mN-lUyo  mN)  fail-safe  take  up,  a pre- 
cision traversing  device  and  an  in-line,  friction- 
less, electronic  footage  counter.  A static 
eliminator  with  air  wiper  is  also  provided  for 
cleaning  the  fibers. 

Manufacture  of  the  fiber  core  is  com- 
pleted in  a double  pass  sequence.  The  first  of 
these  passes  is  a tandem  extrusion  operation  in 
which  the  fibers  are  stranded  and  encapsulated  in 
a low  modulus  elastomer.  During  this  tandem  ex- 
trusion the  steel  center  strand  is  preheated  and 
sheathed  with  an  elastomer.  While  this  elastomer 
is  still  soft,  the  lightguides  are  stranded  and 
partially  embedded  in  it.  This  composite  structure 
is  then  encapsulated  with  a secondary  elastomeric 
Jacket.  In  the  next  pass,  this  structure  is 
sheathed  with  nylon  in  a tubing  extrusion  operation. 
This  completes  the  fabrication  of  the  fiber  core. 

The  insertion  loss  of  the  fibers  is  measured  after 
each  manufacturing  pass  to  determine  if  any  change 
has  occurred  due  to  the  stranding  or  extrusion 
operations.  If  necessary,  an  optical  time  domain 
reflectometer  is  used  to  pinpoint  breaks  in  the 
fibers . 

The  prototype  line  used  for  fabrication 
of  the  fiber  core  was  developed  by  Simplex  Wire  and 
Cable  Company.  Its  unique  features  include: 

1.  Minimum  bending  diameter  restrictions  of 
150  mm  for  the  optical  fibers,  and  1.83  m 
for  the  fiber  core  in  order  to  minimize 
short-term  stress  in  fibers. 

2.  Independent  supply  and  take  up  tension  con- 
trols which  minimize  the  long-term  fiber 
stress  during  storage  of  the  fiber  core. 

3.  A 12-bobbin  lightguide  strander  with  200  mN 
to  lf*70  mN  bobbin  tension  magnetic  controls 
and  a precision  closing  die  assembly  for 
embedding  the  fibers  in  the  core. 

I*.  Constant  line  tension  control  at  less  than 
100  N independent  of  line  speed  control. 

5.  Precision  line  speed  and  extruder  speed  con- 
trols to  maintain  core  diameter  to  within 

25  pm. 

6.  Fully  coordinated,  regenerative  line  drives. 


Composite  Strand-Conductor 


wrapped  on  150  mm  diameter  reels  which  we  believe 
from  other  data  introduces  about  0.6  dB/km  excess 
loss.  We  attribute  the  higher  loss  at  the  elastomer 
stage  to  microbending  resulting  from  cabling  of 
the  fiber  and  cooling  of  the  elastomer.  The  re- 
heating which  occurs  in  applying  the  nylon  sheath 
allows  relaxation  and  a decrease  in  loss.  Again 
the  handling  associated  with  the  application  of 
the  steel  strand  wires  and  the  copper  conductor 
produces  a moderate  loss  increase,  which  is  followed 
by  a decrease  in  loss  which  we  attribute  to  relaxa- 
tion from  heating  during  the  insulation  operation. 
Left  on  a 1.8  meter  diameter  reel  for  about  2 
months,  the  average  loss  dropped  an  additional  0.6 
dB/km.  We  are  continuing  to  monitor  the  loss 
behavior  with  time  of  one  of  the  6-fiber  cables. 


The  composite  steel  strand  and  copper 
conductor  used  in  prototype  lengths  of  undersea 
lightguide  cable  is  fabricated  on  conventional 
undersea  coaxial  inner  conductor  stranding,  tube 
forming,  welding  and  reducing  equipment.  The  addi- 
tion of  a special,  constant  tension  payoff  stand 
for  the  fiber  core  was  the  only  modification  re- 
quired. Future  lengths  of  composite  steel  and 
aluminum  conductor  will  be  manufactured  on  a new 
stranding  and  aluminum  extrusion  line  currently  in 
development  at  Simplex  Wire  and  Cable  Company.  In 
this  operation,  the  fiber  core  will  be  paid  off 
and  the  steel  wires  stranded  as  in  the  coaxiel 
inner  conductor  stranding  operation,  but  no  form- 
ing, welding  or  reducing  will  be  required  as  with 
copper.  Rather,  aluminum  will  be  extruded  directly 
over  the  steel  strand. 


Overall,  then,  accounting  for  the  excess 
fiber  reel  loss,  the  multimode  fibers  show  about 
0.5  dB/km  remaining  cabling  loss.  This  meets  our 
objectives,  and  we  expect  it  to  improve  with  time. 


The  new  conductor  stranding  and  extrusion 
line  will  include  a constant  tension  fiber  core 
payoff  stand,  a high-speed  planetary  steel  wire 
strander,  a linear  solid  phase  aluminum  extruder 
and  a high  tension  pull-out  caterpuller.  In  addi- 
tion, the  extruder  and  line  drives  will  be  fully 
coordinated  because  the  long  lay  strand  is  not 
coherent  and  therefore  cannot  be  reeled.  Hence, 
the  aluminum  extrusion  and  steel  stranding  opera- 
tions must  occur  in  tandem. 


The  single  mode  fibers  appear  to  behave 
somewhat  differently  from  the  multimode,  but  the 
general  pattern  is  similar.  The  excess  loss  of 
these  fibers  on  reels  is  approximately  2 dB/km, 
which  exceeds  the  loss  change  introduced  by  the 
elastomer  application.  Subsequent  changes  are 
similar  to  those  of  multimode  fibers  except  the 
loss  increase  during  the  steel  stranding  operation 
is  much  larger.  We  expect  a decrease  in  loss  with 
time. 


Insulation  Extrusion  and  Final  Testini 


After  the  loss  of  the  fibers  is  measured 
in  the  composite  conductor,  the  insulation  is  ex- 
truded. This  operation  is  performed  on  a conven- 
tional core  extrusion  line.  Thereafter,  loss  is 
measured  in  the  cable  periodically  to  determine 
whether  aging  occurs,  and  if  handling  of  the  cable 
contributes  to  loss. 


Through  the  insulation  stage,  the  cabling 
loss  of  the  single  mode  fibers  exceeds  our  objec- 
tive. We  will  not  be  able  to  assess  the  serious- 
ness of  this  problem  until  aging  data  is  available. 


Temperature  Coefficient 


Loss  as  a function  of  temperature  has 
been  measured  over  the  range  from  20°  to  0°  for  a 
1 km  cable.  The  results  are  reproducible  and  show 
a change  of  0.35  dB/km  for  the  multimode  fibers 
and  0.15  dB/km  for  the  single  mode  for  the  20° 
temperature  change. 


To  conduct  physical  testing,  special 
equipment  for  temperature,  pressure,  tension, 
torque,  twist,  bend  and  flex  testing  of  lengths  of 
lightguide  cable  is  being  developed  by  Bell 
Laboratories  and  Simplex  Wire  and  Cable  Company. 
This  equipment  simulates  conditions  anticipated 
during  installation,  operation  and  recovery  of  the 
cable.  The  facilities  permit  simultaneous  optical 
and  physical  testing. 


Test  Result: 


Cabling  Loss 


Sample  lengths  of  cable  have  been  com- 
pleted which  contain  3,  6,  and  12  fibers.  These 
lengths  have  been  tested  for  loss  at  each  stage  of 
manufacture.  The  results  of  these  tests  are  shown 
in  Figure  L,  where  the  average  loss  at  each  stage 
is  given.  While  the  various  fibers  differed  from 
one  another  at  each  stage  of  manufacture,  they  all 
followed  curves  similar  in  shape  to  the  average 
curve  shown. 


First  we  will  discuss  the  multimode 
fibers.  At  the  fiber  stage,  the  lightguides  were 


Effect  of  Tension 


Tension  test3  on  short  lengths  have  shown 
that  fiber  continuity  is  maintained  up  to  a cable 
tension  of  66  kN,  or  about  0.85  percent  strain.  The 
fibers  were  proof  tested  in  1 kilometer  lengths  to 
2k0  MPa  (0.35  percent  strain)  which  is  less  than  we 
believe  necessary  and  achievable  for  production 
cable . 


Conclusion 


The  design  and  manufacture  of  trial 
lengths  of  an  undersea  lightguide  communications 
cable  have  been  discussed.  While  preliminary  test 
results  are  encouraging,  the  deep-sea  applicability 
of  the  design  has  not  yet  been  established. 
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INSTALLATION  OF  A FIBER  OPTIC  SYSTEM  IN  AN  ELECTRIC  POWER  STATION 


O.L.  BISHOP  ITT  Telecommunications 

J.C.  SMITH  ITT  Electro-Critical  Products  Division 


ABSTRACT 

A fiber  optic  link  was  installed  for  a T1 
rate  PCM  System.  The  optic  system  was  selected 
because  of  its  unique  ability  to  operate  in  a 
harsh  EMI  environment. 

The  cable  was  optically  evaluated  at 
-40°C  where  it  experienced  only  a slight  in- 
crease in  attenuation.  The  cable  flexibility 
was  virtually  unchanged  at  the  installation 
temperature  of  -18°C. 


INTRODUCTION 

Electric  utility  high  voltage  substations 
present  some  unique  problems  for  conmuni cat ions 
circuits.  The  circuits  are  required  for  alarms, 
telemetering,  protective  switching,  and  tele- 
phone service.  Normally,  the  circuits  are  pro- 
vided by  individual  copper  wire  pairs  operating 
at  voice  frequency  and  tied  to  the  local  tele- 
phone lines  or  to  the  power  conpany's  private 
microwave  system.  Interference  voltages  may 
be  induced  on  the  copper  wires  from  the 
high  voltage  lines.  The  problems  are  compounded 
during  ground  fault  conditions  or  switching 
surges  when  cormunications  can  be  most  critic  ’ 
during  transients,  induced  voltages  may  reac 
amaging  or  hazardous  levels.  As  voltage 
current  levels  increase,  the  communicati' 
difficulties  also  increase. 

The  classic  solution  to  the  problem  has 
been  isolation  transformers  with  voltage  ratings 
as  high  as  30KV  for  each  information  channel. 
Neutralizing  transformers  and  optic  couplers 
(not  fiber  optic  systems)  are  also  in  use.  The 
insulation  qualities  of  fiber  optic  cables  are 
now  being  exploited  as  an  alternative  to  copper 
wire  systems. 


A 1.544  Mb/S  (T-l  Rate)  Fiber  optic  system 
has  been  designed  by  ITT  that  satisfies  the  conrnun- 
ications  needs  of  most  electric  utility  installa- 
tions. The  system  was  installed  at  the  Arrowhead 
station  of  Minnesota  Power  and  Light  Company 
(MPSL)  in  February  and  March  1978.  The  MPSL 
power  station  converts  plus  and  minus  250KV  inter- 
ference within  the  station  is  quite  high  in  spite 
of  a ground  grid  and  a completely  shielded  SCR 
room.  The  communications  service  was  provided  by 
copper  wire  pairs  from  a microwave  station  to  the 
main  building  - a distance  of  1200  feet.  The 
wires  were  in  ducts  underneath  the  ground  grid, 
but  still  had  180V  spires  during  switching 
transients. 

SYSTEM  Q 1ARACTERI  ST  I CS 

the  1.5Mb/S  Fiber  Optic  Transmission  System 
installed  at  MP5L  was  designed  as  an  extention 
of  the  ITT  T324  24  channel  PCM  system.  The  optic 
units  are  designed  to  physically  replace  two 
existing  channel  cords  or  be  operated  in  a separ- 
ate housing,  wnen  the  units  are  mounted  in  the 
basic  T324  shelf  as  in  the  MP5L  installation, 
the  channel  capacity  is  reduced  by  two.  The  optic 
units  are  compatible  with  any  T-l  rate  system.. 

A T-l  signal  consists  of  a binary  PCM  signal 
with  alternate  ones  inverted  to  eliminate  the  DC 
component  and  lower  the  average  frequency.  The 
ternary  signal  format  is  referred  to  as  AMI  (Al- 
ternate Mark  Inversion).  The  AMI  signal  is  not 
suitable  for  best  optic  transmission.  The  signal 
could  lie  rectified  to  unipolar  and  transmitted  at 
1.544Mb/S,  but  certain  system  monitoring  infor- 
mation is  transmitted  by  purposely  violating  the 
AMI  pattern  (bi  polar  violation) . This  monitoring 
function  is  most  important  for  repeatered  systems. 
To  retain  all  of  the  input  information  including 
bipolar  violations,  the  1.544Mb/S  AMI  signal  is 
:oded  into  a 3.088Mb/S  signal  with  a unique 
pattern  for  each  of  the  original  ternary  levels. 

The  receiver  converts  the  signal  back  to  the 
1.544Mb/S  AMI  format.  Although  the  receiver  sen- 
sitivity is  reduced  3 dB  by  this  technique,  the 
sacrifice  is  worthwhile  for  complete  transparency 
of  signal  transmission. 

Optic  Transmitter 

ITie  fiber  optic  transmitter  uses  an  LED  as 
the  emitter.  The  operating  wavelength  is  8S0nM 
and  the  nominal  output  power  is  10  uW  (-20  dBm) 
average  in  the  fiber  core  at  251  duty  cycle.  The 
LED  is  assembled  and  sealed  with  an  optic  fiber 
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positioned  near  the  LED  chip  face  for  maximum 
launch  efficiency.  This  pigtail  fiber  is  termin- 
ated by  a jeweled  ferrule  connector.  The  connec- 
tor is  mounted  at  the  rear  of  the  optic  unit  such 
that  the  connector  can  be  accessed  from  the  rear 
of  the  equipment  when  the  unit  is  inserted.  Elec- 
trically, the  LED  is  positioned  between  a constant 
current  source  and  a high  current  sink  line 
driver  which  is  switched  on  and  off  by  the  singal. 
The  peak  output  power  is  controlled  by  the  current 
source.  The  constant  current  source  can  be  ad- 
justed by  a KIP  switch  to  obtain  an  extra  3 dB 
output  power  in  long  systems  or  15)  to  9 dB  less 
power  in  short  systems  with  an  accompanying  im- 
provement in  reliability. 


Optic  Receiver 

The  fiber  optic  receiver  uses  a PIN  detector 
and  an  integrating  trans impedance  amplifier  with 
an  FET  input.  The  bandwidth  of  the  integrating 
preamp  is  narrow  for  improved  sensitivity,  but 
the  pulses  mist  be  reshaped  in  a later  stage. 

The  receiver  recovers  and  retimes  the  signal 
and  converts  it  to  a +3  Volt  ternary  signal 
completely  compatible  with  a T-l  system.  „The 
receiver  sensitivity  is  -50  dBm  for  a 10  Bit 
Error  Rate. 


Optic  Connector 

‘ihe  I TT- Leeds  jeweled  ferrule  connector  was 
chosen  for  the  system  because  of  its  proven 
performance  in  field  installations.  The  con- 
nector loss  with  55  uM  core,  graded  index 
fiber  is  less  than  2 dB.  Ihe  transmitter  uses 
such  a combination,  but  the  receiver  PIN  has  a 
135  uM  core  step  index  fiber  attached.  The 
receiver  connector  joins  a 55  11M  and  a 135  uM 
core  fiber  in  the  favorable  direction  and  has 
a loss  of  . 5 dB . 


System  Gain 

With  a -20  dBm  transmitter  output  and  a -50  dBm 
receiver  sensitivity,  the  system  has  a 30  dB 
system  gain  (or  margin).  System  calculations 
must  account  for  connectors,  splices,  cable  loss, 
and  margin  for  uncertainties.  Normally,  a 6 dB 
margin  is  allowed  for  time  and  temperature  degra- 
dation. The  maximim  path  length  is  then  conser- 
vatively established  as  3.5  km  with  6 dB/km  fiber 
in  1 km  lengths.  Dispersion  is  not  a factor  at 
3 Nfc/S. 


FIBER  OPTIC  CABLE 

The  cable  used  in  this  system  was  required  to 
meet  the  specifications  shown  in  Table  1.  In 
addition  to  these  requirements,  it  was  also 
specified  that: 

--The  concentricity,  diameter  uniformity  and  cir- 
cularity of  the  core  and  cladding  must  be  such 
that  if  any  two  ends  of  fibers  are  cut,  polished 
and  spliced  together,  then  the  loss  of  splicing 
then  must  not  exceed  1 dB. 


--The  fibers  must  be  color  coded  for  easy  identi- 
fication. 


TABLE  1 

Cable  Specifications 

Nunber  of  Fibers 

3 

Fiber  Core 

Graded  Index 

Core  diameter  +6£ 

55  urn 

N\imerical  Aperture 

.25  min. 

Cladding  diameter  + 6$ 

125  urn 

Protected  Fiber  diameter 

1 mm  + 0.0 

0.1 

Minimum  Bend  Radius 

10  cm 

Tensile  Strength 

150  Kg 

Attenuation 

10  dB/km  max. 

? .85  urn 

Dispersion 

3 ns/km  max. 

--The  fibers  must  be  continuously  proof  tested 
at  a level  of  1 % elongation,  before  cabling. 

--No  metallic  cable  elements  are  allowed. 

--Cold  bend.  Cable  should  be  bent  once  around  a 
50  ran  radius  mandrel  with  5 kg.  tension  at  -20°C. 

--Impact.  A 2 kg  load  with  a diameter  of  12.5  mm 
will  deliver  a blow  from  100  ran  height  onto  cable 
laid  on  a flat  anvil  for  200  cycles. 

--Environmental  conditions.  The  cable  shall  meet 
all  its  requirements  over  the  temperature  range 
of  -15  C to  +60  C.  The  attenuation  dial  1 not 
exceed  more  than  1.5  dB/km  at  -40°C. 

It  was  also  known  that  the  cable  would  be  in- 
stalled in  a trough  which  could  be  opened  for 
inspection  and  at  that  time,  people  would  walk 
on  the  cables.  This  consideration  played  a 
heavy  role  in  the  selection  of  the  amount  of 
strength  member  for  the  cable  and  the  wall 
thickness  of  its  jacket. 

The  fiber  optic  cable  consists  of  a central 
optical  bundle  with  a thin  polyurethane  jacket. 
Eighteen  strands  of  strength  members  are  helical- 
ly laid  around  the  jacket  of  the  cable  core.  The 
strength  members  and  the  outer  polyurethane 
jacket  provides  the  handling  characteristics 
needed  in  the  cable  installation  and  operation. 

Figure  1 depicts  the  cable  design.  The 
optical  core  is  formed  by  a central  Kelvar®  yam 
ans  three  graded  index  fiber  optic  wave- guides 
alternated  witn  three  Kevlar®  yams. 

The  experience  accumulated  from  previous 
cable  development  work  indicated  that  the  outer 
layer  of  strength  member  would  be  sufficient 
to  provide  the  150  kg  load  required  during 
installation.  However,  it  was  felt  that  ad- 
ditional Kevlar®  in  the  optical  bundle  would 
further  ruggedize  the  cable  and  at  the  same  time 
would  serve  as  a filler  and  stress  relief  for 
the  fibers. 
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Polyurethane  was  selected  not  only  because 
of  its  abrasion  and  tear  resistance,  but  also 
because  of  its  contribution  to  lower  the  increase 
of  attenuation  due  to  the  cabling  processes. 

Table  2 shows  the  attenuation  and  dispersion 
of  the  fiber  optic  waveguides  in  this  cable. 

TABLE  2 


Fiber 

Attenuation 

Dispersion 

Red 

5.36  db/km 

5.85  urn 

.78  ns/km  5 9 urn 

Yellow’ 

7.06  " " 

ft  It 

1.93  " " " " 

Blue 

7.37  " " 

It  It 

1.47  " " " " 

The  attenuation  of  this  cable  was  measured 
wheg  the  whole  reel  was  left  in  a chamber  at 
-40°C.  It  was  found  that  the  average  change  of 
attenuation  was  1.3  dB/km. 

I.YSTALLATION' 

the  Mf’fjL  site  required  335  meters  of  cable 
over  a route  including  ducts  between  manholes, 
covered  trough,  and  a vertical  run  in  the  opera- 
ting building.  Plastic  water  pipe  was  installed 
in  the  trough  to  protect  the  cable.  The  cable 
was  left  outside  overnight  at  the  installation 
site  to  check  cold  temperature  handling^  The 
cable  prove  to  be  flexible  at  the  -18  C in- 
stallation temperature. 

The  original  reeled  cable  length  was  used  in 
the  installation  began  in  the  middle  through 
the  trough  and  duct  into  the  building.  Each 
part  of  the  pull  was  divided  into  easily  de- 
finable segments  such  as  between  manholes.  The 
cable  was  pulled  through  each  segment  and  laid 
out  on  the  snow  before  starting  the  next  seg- 
ment. Polywater  lubricant  was  liberally 
applied  to  the  cable  at  each  duct  entry  point 
and  all  pulls  were  made  without  mechanical 
assistance.  Measurements  made  for  comparison 
indicated  that  the  maximum  applied  force  was 
less  than  100  pounds  though  it  was  not  measured 
during  the  installation.  Portions  of  the  duct 
were  clogged  with  ice  and  required  steam  and 
rodding  before  the  cable  installation.  The  total 
time  required  for  the  cable  pull  was  five  hours 
and  the  cable  was  frozen  in  place  within  two 
hours  of  completion. 

Connector  assembly  started  immediately  after 
the  cable  installation.  The  ferrules  were 
cemented  to  the  clean  fiber  ends  using  an  epoxy 
that  cures  in  three  hours  at  65°C  or  24  hours 
at  25°C.  The  first  set  of  ferrules  at  one 
cable  end  was  prepared  and  cured  during  a dinner 
break.  The  other  end  was  prepared  and  cured 
overnight.  The  next  day  the  fibers  protruding 
through  the  ferrules  were  polished  using 
relatively  standard  manual  polishing  techniques. 
The  entire  installation,  including  connectors, 
had  taken  place  in  26  hours  elapsed  time. 


The  cable  was  looped  in  all  possible  combina- 
tions at  one  end  and  the  two-way  loss  was  measured 
from  the  other  using  an  Optic  Measurement  Set 
manufactured  by  ITT- Leeds.  The  measured  two-way 
loss  was  8 dB  typical.  The  measurements  indicated 
excess  loss  for  the  short  cable,  but  the  discrep- 
ency  probably  resulted  from  the  short  cable  length 
(355  Meters).  In  long  fiber  lengths,  high  order 
modes  are  stripped  in  the  first  portion  and  addi- 
tional lengths  appear  to  have  less  attenuation. 

The  cable  was  continuously  monitored  by  optic 
measurement  for  the  next  month  with  no  changes 
noted.  The  electronics  equipment  was  then  in- 
stalled and  the  system  began  carrying  the  normal 
MP5L  conmunications  traffic. 

CONCLUSIONS 

The  MPSL  installation  is  thought  to  be  typical 
of  a large  number  of  electric  power  station  re- 
quirements. The  installation  showed  that  the 
cable  can  co-exist  with  other  cables  and  does 
not  require  any  special  equipment  or  handling  for 
installation.  The  jeweled  ferrule  connector  can 
be  installed  in  the  field  wihtout  undue  diffi- 
culties. 

The  system  is  now  operational  carrying  pro- 
tective switching,  telemetering,  and  telephone 
signals  as  a permanent  part  of  the  conmunications 
network  instead  of  as  a field  trial.  This  is 
an  important  step  in  the  maturity  of  Fiber  Optics. 


Ml  MMENSIONS  M MUMtTERS 

Figure  1 

Fiber  Optic  Cable  Design 
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Summary 


The  paper  gives  some  results  relevant  to 
the  research  on  optical  fibre  cables  for 
medium  and  long  distance  telecommunica- 
tions. 

Firstly  the  problems  which  arise  in  manu- 
facturing optical  fibres  cables  are  out- 
lined after  which  the  solutions  which  have 
been  adopted  are  discussed. 

In  the  second  part  the  results  obtained 
on  the  experimental  production  of  cables 
having  attenuation  lower  than  5 dB/km  and 
bandwidth  higher  than  700  MHz • km  are  pre- 
sented. 


Introducti on 

As  from  1973  a research  programme  for  tie 
manufacturing  of  long  and  medium  distance 
telecommunication  cables  suitable  for  in- 
corporating high  quality  optical  fibres 
has  been  under  way. 

The  research  followed  a development  agree- 
ment signed  in  1973  by  Industrie  Pirelli 
S.p.A.  with  Centro  Studi  e Laboratori  Te- 
lecomunicazioni  and  Corning  Glass  Works 
(for  the  supply  of  optical  fibres). 

These  fibres  are  multimode  graded  index 
fibres  of  62  . urn  diameter  core,  0.2  numeri- 
cal aperture/ and  with  optical  transmission 
characteristics  which  are  of  the  highest 
quality  currently  available. 

However, due  to  their  small  numerical  aper- 
ture, these  kinds  of  fibres  are  to  be  con- 
sidered as  a rather  weakly  guiding  struc- 
tures . 

These  fibres  have  therefore  to  be  careful- 
ly protected  against  outside  strain  which 
may  lead  to  a considerable  amount  of  opti- 
cal loss  and,  for  this  reason,  a sophisti- 
cated cabling  technique  is  needed. 

The  objective  of  the  research  has  been  to 
develop  special  types  of  fibre  protections 
and  cable  structures  that  are  capable  of 
maintaining  unchanged  the  fibre  transmis- 


sion characteristics  during  all  the  manu- 
facturing and  laying  processes.  Moreover 
the  characteristics  of  the  fibre  must  re- 
main unchanged  over  long-term  service  con- 
tingencies. 


Fibre  coating 

As  it  is  well  known, primary  coated  optical 
fibres  cannot  be  incorporated  in  cables 
without  resorting  to  a further  protection. 
This  protection  is  particularly  necessary 
for  the  fibre  to  withstand  axial  and 
transversal  stresses  during  cabling  and 
laying  operations. 

Furthermore  lateral  strains  could  induce 
microbendings  which  in  turn  could  lead  to 
unacceptable  increases  in  attenuation. 

It  has  been  established  by  theoretical 
considerations*  that  the  optimum  coating 
design  should  include  a double  protection 
made  of  one  hard  shell  and  another  soft 
one . 

As  an  extreme  alternative  to  this  solution 
the  soft  part  of  the  protection  can  be 
substituted  by  a clearance  (loose  jacket). 
It  is  also  well  known  that,  because  of  the 
possible  damages  to  the  optical  character- 
istics that  the  protection  itself  can  in- 
duce in  the  fibre,  care  must  be  taken  in 
implementing  these  kinds  of  protections. 
These  damages  stem  mainly  from  the  shrink- 
ing of  the  plastic  materials  which  consti- 
tute the  protection. 

The  plastic  material  shrinking  can  be 
chiefly  associated  with  (l)  the  short-term 
cooling  of  the  jacket  during  the  coating 
operation  (2),  the  long-term  relaxation  of 
the  jacket  and  (3)  the  environmental  ther- 
mal variations. 

During  the  development  of  the  optical  fibre 
cables  here  described,  both  kinds  of  pro- 
tection, namely  (a)  tight  double  jacket 
(with  an  inside  soft  layer)  and  (b)  loose 
jacket,  have  been  investigated. 


Jacket  shrinking  effects 


(a)  With  regard  to  the  tight  jacket,  all 
the  above  mentioned  causes  of 
shrinking  make  a significant  contri- 
bution. 

Due  to  the  shrinking  of  the  hard  ma- 
terial, the  fibre  incorporated  in  the 
soft  material  buckles  and  takes  on  a 
helical  configuration  with  a well 
defined  pitch  that,  for  a given  fibre, 
depends  mainly  on  the  elastic  char- 
acteristic of  the  soft  material. 

The  extra  attenuation  derives  from 
the  main  curvature  of  the  helix  and 
from  the  microcurvatures  which  arise 
when  the  soft  layer  is  so  compressed 
that  the  manufacturing  irregulari- 
ties of  the  hard  layer  can  produce 
local  distortions  on  the  fibre's  ax- 
is. 


(b) 


The  fibre  inserted  in  the  loose 
jacket  behaves  differently. 

Firstly, the  plastic  material  shrink- 
ing has  minor  importance, because  the 
effect  of  the  short-term  cooling  on 
the  extrusion  line  can  be  minimized 
by  letting  the  fibre  slide  inside 
the  jacket, until  the  cooling  is  com- 
pleted. 

Secondly,  the  configuration  of  the 
fibre,  due  to  the  shrinking  of  a 
loose  jacket,  is  not  well  defined. 

As  a matter  of  fact,  this  configura- 
tion can  be  considered  helical  but 
it  is  characterized  by  random  varia- 
ble parameters  whose  probability 
distributions  depend,  for  a given 
fibre,  on  the  inside  dimension  of 
the  jacket,  on  the  local  frictions 
and  on  the  excess  fibre  length. 

In  this  case,  microcurvature  may  a- 
rise  when  the  fibre  is  pressed  a- 
gainst  the  irregularities  of  the 
jacket's  inner  surface. 

Therefore  the  optical  transmission 
loss  of  a loose  jacketed  fibre,  de- 
riving from  its  main  and  local  cur- 
vature, is  not  a defined  function  of 
the  jacket  shrinking. 


Type  of  jacket  material 


From  the  above  mentioned  considerations 
it  follows  that  the  choice  of  the  plas- 
tic material,  which  is  to  be  used  as  ei- 
ther the  hard  layer  of  the  double  pro- 
tection or  as  the  loose  jacket,  becomes 
very  important. 


The  main  requirements  can  be  summarized 
as  follows: 


. high  tensile  modulus 

. surface  smoothness  of  the  extrudate 


. low  shrinking  due  to  the  cooling  after 
extrusion 


. long-term  stability 


Many  plastic  materials  were  investiga- 
ted. 

Some  data  and  experimental  results  arc 
shown  in  Figs.  1,  2,  3. 


— Nylon  11 
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Fig.  1 - Tensile  moduli  of  tested 
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Fig.  Z - Shrinking  due  to  the  cooling 
after  extrusion 
(material  extruded  on  textile 
ropes  1 
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Nylon  11 


Fig.  3 - Long-term  shrinking 

(ageing  at  70°C,  30  days,  of 
jacketed  textile  ropes) 


Fig.  4 - Cross-section  of  tight 
jacketed  fibre 


On  the  basis  of  these  experimental  re- 
sults and  taking  into  account  the  relia- 
bility of  the  materials  during  extru- 
sion, nylon  11  was  chosen  for  the  double 
tight  jacket  protection. 

In  this  case  a silicon  rubber,  as  it  is 
mentioned  in  various  papers,  was  con- 
firmed as  being  a suitable  material  for 
the  soft  layer. 

Because  of  the  good  compromise  between 
long-term  shrinking  and  inner  surface 
smoothness,  polypropylene  was  used  for 
the  loose  protection. 

- Jacket  de  si.g"  and  characteristics  of  the 
jacketed  fibres 

(a)  As  far  as  the  tight  protection  is 
concerned,  the  outer  diameters  of 
the  layers  were  considered  as  being 
the  most  important  parameters  in  our 
investigation . 

On  the  basis  of  theoretical  consid- 
erations on  the  equilibrium  configu- 
ration of  the  fibre  in  the  elastic 
medium  (soft  layer),  we  found  the 
minimum  thickness  of  this  latter  to 
be  in  the  order  of  50  um.  From  ex- 
perimental results,  the  outer  diam- 
eter of  the  hard  layer  was  fixed 
between  0.6  and  0.7  mm, 

In  Fig.  4 the  cross-section  of  the 
solution  currently  adopted  is  shown. 


The  jacketing  operation  generally 
causes  marginal  increases  (approxi- 
mately 0.5  dB/km)  in  the  fibre  at- 
tenuation. As  regards  the  behaviour 
when  temperature  variations  occurr, 
we  can  say  that,  as  the  temperature 
lowers,  the  fibre  attenuation  grad- 
ually increases  in  a regular  pat- 
tern. The  increase  may  also  be  fair- 
ly significant  with  relatively  small 
temperature  variations  and  depends 
mainly  on  the  geometric  uniformity 
of  the  two  layers. 

A tipical  attenuation-temperature 
characteristic  is  shown  in  Fig.  5. 


Fig.  5 - Tight  double  jacketed  fibrei 
Indicative  behaviour  of  the 
attenuation  versus  temperature 
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The  protection  of  the  fibre  against 
lateral  stresses  is  not  very  satis- 
factory because  even  small  loads  can 
induce  extra  attenuation. 

The  compression  test  results  are 
shown  in  Fig.  6. 


rM 

Fig.  6 - Tight  jacketed  fibre: 


Increase  of  attenuation  versus 
lateral  compression  force 
(fibre  compressed  between  a 
plate  and  a cylindrical  body 
with  R = 1 mm) 


Moreover  the  tensile  strength  of  the 
jacketed  fibre  is  not  much  improved 
owing  to  the  fact  that  the  jacket 
dimension  is  very  small. 

At  the  moment  this  kind  of  protection 
is  still  under  development  and  for 
the  time  being  we  do  not  consider  it 
as  the  most  suitable  solution  for  use 
in  long  distance  cables. 


(b)  The  design  of  the  loose  jacketed 
protection  was  defined  in  two  stages. 
Object  of  the  first  stage  was  to  es- 
tablish the  actual  dimensions  of  the 
jacket.  The  inside  diameter  was  de- 
termined in  such  a way  as  to  mini- 
mize the  effects  of  the  short-term 
shrinking  of  the  jacket  after  the 
extrusion:  0.7  nun  was  found  to  be 

the  minimum  acceptable  diameter. 

On  the  other  hand,  the  thickness  and 
the  outer  diameter  were  chosen  on 


and  its  dimension  can  be  considered 
as  still  being  small  enough  for  long 
distance  cables. 

Fig.  0 shows  the  results  of  the  com- 
pression test  on  the  chosen  solu- 
tion. 


Fig. 


7 - Cross-section  of  loose 
jacketed  fibre 


Fig.  8 - Loose  jacketed  fibres: 


Increase  of  attenuation  versus 
1 ateral  compression  force 
( fibre  compressed  between  a 
plate  and  a cylindrical  body 
with  R = 1 mm) 

(1)  jacket  with  outside/inside 
diameters  1.5/0. 7 mm 

(2)  jacket  with  outside/inside 
diameters  2/i  mm 
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In  this  figure  the  performance  of  a 
smaller  diameter  jacket  is  also 
shown. 

From  the  comparison  it  results  that 
by  using  this  last  si*e  one  would 
considerably  worsen  the  lateral  pro- 
tection without  gaining  any  substan- 
tial reduction  of  cable  dimension. 
The  tensile  rigidity  of  the  jacketed 
fibre  is  increased  by  a factor  of  a- 
bout  5 in  comparison  with  the  un- 
coated fibre. 

The  second  stage  of  the  design  dealt 
with  the  analysis  of  the  axial  me- 
chanical strength  and  the  thermal 
variations  of  the  optical  character- 
istics which  were  seen  to  depend 
strongly  on  the  excess  length  of  the 
fibre  inside  the  jacket. 

As  mentioned  above,  the  fibre, inside 
the  jacket,  is  arranged  as  a helix 
with  random  parameters. 

The  average  radius  of  the  fibre  cur- 
vature depends  on  the  excess  length 
of  the  fibre  whilst  its  upper  limit 
determines  the  maximum  strain  which 
can  be  applied  to  the  jacketed  fibre 
without  causing  dangerous  stresses 
to  the  fibre  itself;  on  the  other 
hand,  its  lower  limit  determines  the 
maximum  compression  strain  (caused 
by  thermal  effects)  which  can  be 
supported  without  falling  into  the 
critical  conditions  that  can  lead  to 
extra  attenuation. 

Attenuation  measurements  versus  tem- 
perature showed  a step-like  behav- 
iour an  example  of  which  is  shown  in 
Fig.  9. 


Fig.  9 - Loose  jacketed  fibre: 

Typical  behaviour  of  the  atten- 
uation versus  temperature 


The  attenuation  remains  nearly  con- 
stant right  down  to  a critical  tem- 
perature below  which  random  in- 
creases arise. 

It  was  found  that  there  is  a quasi - 
definite  relationship  between  the 
excess  fibre  length  and  this  criti- 
cal temperature. 

From  our  experience,  a compromise 
can  be  reached  whereby  the  fibre  is 
protected  against  axial  stresses  and 
against  wide-ranging  temperature 
variations. 

In  the  solution  adopted  the  fibre 
has  an  extra  length  of  the  order  of 
0.1%  at  20°C. 

In  Fig.  10  the  temperature  behaviour 
of  such  a jacketed  fibre  is  shown. 


Fig.  10  - Loose  jacketed  fibre  with  ex- 
tra length  of  0.1^  at  20®C: 
Attenuation  versus  temperature 


Moreover  it  must  be  considered  that 
the  jacketed  fibre  can  be  temporari- 
ly submitted  to  axial  strains  of  the 
order  of  0.3%  without  any  damage. 
This  results  from  the  known  Weibull 
survival  distribution  for  this  kind 
of  fibres^,  taking  into  account  the 
fibre  excess  length  inside  the  jack- 
et. 

The  extrusion  line  for  jacketing  the 
fibre  has  been  carefully  set  up.  In 
particular  a sophisticated  pay-off 
system  was  developed  (Fig.  11 ). 
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was  to  be  employed,  owing  to  its  thermal 
shrinking  during  the  extrusion  process, 
the  cable  core  becomes  compressed,  thus 
causing  a distortion  of  the  jacketed  fi- 
bres with  a considerable  increase  in  at- 
tenuation if  no  compression  resistant  ele- 
ment is  incorporated  into  the  cable. 
Another  important  feature  of  a compression 
resistant  element  is  that  it  improves  the 
behaviour  of  the  cabled  fibres  in  tempera- 
ture variations  by  increasing  the  range  in 
which  the  attenuation  of  the  fibres  can  be 
kept  practically  constant. 

On  the  basis  of  these  considerations,  a 
wire,  or  a suitably  stranded  cord,  of  high 
tensile  steel,  was  chosen  as  a central 
strength  element. 

In  Fig.  12  the  stress-strain  diagram  of 
the  steel  wire, adopted  for  the  0 fibre  ca- 
ble, is  shown. 


Fig.  11  - Fibre  coating  line 
Pay  off  system 


The  desired  extra  length  for  the  fi- 
bre is  achieved  both  by  carefully 
controlling  the  back  tension  of  the 
fibre  and  the  cooling  conditions  of 
the  plastic  jacket. 

The  development  of  this  kind  of  pro- 
tection has  now  almost  been  com- 
pleted. Its  characteristics  appear 
satisfactory  in  many  respects. 

It  has  subsequently  been  employed 
for  the  research  on  cabling  opera- 
tions in  that,  for  the  time  being, it 
has  been  considered  the  most  relia- 
ble for  a high  quality  cable  produc- 
tion. 


«(*•) 

Special  steel  wire  with  o.d. 
1 . 65  mm: 

Pulling  force  versus  elonga- 
tion 


Fibre  cablini 


On  account  of  the  dimensions  and  the 
strength  of  the  protection  selected,  a 
traditional  stranded  cable  structure  was 
adopted. 

Particular  attention  was  devoted  to  the 
reinforcement,  in  order  to  allow  long 
lengths  of  cable  to  be  pulled  inside  ducts. 
As  a result  of  the  above  mentioned  consid- 
erations, the  jacketed  fibre  axial  strain 
has  to  be  kept  under  0.3^,  in  order  to  en- 
sure a safety  margin. 

Moreover,  when  designing  the  reinforcing 
element,  its  compression  rigidity  must  al- 
so be  taken  into  account. 

We  must  in  fact  take  into  consideration 
that,  in  order  to  provide  the  external 
protection,  a polyethylene  sheath  was  se- 
lected. As  a result  of  our  investigation, 
even  if  a medium  elastic  modulus  material 


Through  experiments  it  was  verified  that 
it  is  possible  to  select  the  make-up  of 
the  reinforcing  element  in  such  a way  as 
to  withstand  the  compression  caused  by  the 
external  plastic  sheath  application  and 
the  pulling  forces  required  during  the  in- 
stallation. 

Moreover,  with  regard  to  the  behaviour  in 
low  temperature,  the  range  in  which  the 
attenuation  of  the  cabled  fibres  is  con- 
stant may  be  increase  by  almost  twice  as 
much  as  that  of  the  jacketed  fibre  and 
this  because  of  the  low  thermal  coeffi- 
cient of  the  steel,  which  is  effective  in 
substantially  reducing  the  thermal  shrink- 


ing  of  the  cable  (compare  Figs.  13  and  10) 


The  slipping  may  arise  as  a consequence  of 
strong  localized  friction  forces  occurring 

on  the  external  plastic  sheath  during  the 
laying  operations. 

On  short  cable  lengths,  tested  for  this 
purpose,  no  slipping  occurrs  when  these 
friction  forces  are  maintained  below2lc©/m. 
In  our  opinion,  during  laying  operations, 
it  is  unlikely  that  this  value  should  ever 
be  exceeded. 

In  practice,  supposing  there  is  a uniform 
distribution  of  the  friction  force  and  as- 
suming its  actual  value  as  being  approxi- 
mately that  of  the  cable  weight,  the  force 
per  unit  length,  acting  on  the  sheath,  is 
about  a few  hundred  grams  per  metre  for  the 
heaviest  cable. 

As  regards  the  stranding  operation,  if  on 
the  cable's  fibres  we  want  to  maintain 
the  same  maximum  strains  that  are  allowed 
for  the  jacketed  fibres,  very  low  back  ten- 
sion has  to  be  applied. 

The  cable  core  is  then  manufactured  on  a 
special  floating  bobbin  stranding  machine 
(Fig.  15)  with  a properly  studied  pay  off 
system. 


Cabled  fibre  (loose  jacket 
extra  length  0.1%  at  20°C) 
Attenuation  versus  tempera' 
ture 


In  Fig.  14  the  cross-section  of  the  8 
bre  cable  is  shown. 


3 2 mm 

— coated  central 
HS  mm  fitment 


Fig.  15  - Optical  fibre  stranding  line 


Final  protections 


Fig.  14  - Cross-section  of  8 fibre  cable 


As  the  structure  of  the  cable  core  is  par- 
ticularly strong,  additional  armourings 
can  be  avoided  and  the  flral  protection 
can  be  ensured  by  a mere  polyethylene 
jacket. 

However,  since  the  pneumatic  resistance  of 


A problem  which  is  peculiar  to  cables,  in 
which  the  reinforcing  elements  are  placed 
in  the  central  part  of  the  core,  is  that 
of  the  possible  slipping  of  the  elements 
themselves. 
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this  type  of  cable  is  rather  high,  pressu- 
rization may  be  difficult. 

In  case  of  particular  requirements  for 
moisture  protection,  either  an  aluminium 
polylam  sheath  or  a double  polyethylene 
sheath  can  be  used.  From  tests  carried  out 
on  short  samples, with  both  protections, the 
flexibility  of  the  cable  did  not  appear 
substantially  reduced,  in  comparison  with 
the  single  polyethylene  jacket. 

Thus  the  using  of  these  above-mentioned 
protections  should  not  lead  to  any  con- 
sistent reduction  of  cable  lengths  that 
can  be  pulled  during  the  installation. 


Cable  production 

Cables  with  different  fibre  capacity,  par- 
ticularly 6,  8 and  12  fibres,  have  been 
experimentally  produced. 

For  the  time  being,  the  production  is 
mainly  concentrated  on  8 fibre  cables. 

Last  year,  of  this  8 fibre  cable  (Fig.  l6\ 
5 lengths  of  1 km  each  were  successfully  in- 
stalled in  Turin's  urban  telephone  ducts, 
in  cooperation  with  S.I.R.T.I.  and 
C.S.E.L.T.  (COS  2 experiment^ ) . 

On  this  installed  line  an  experimental 
transmission  system  at  140  Mbit/sec  on 
9 km  length,  without  repeaters,  was  also 
successfully  tested. 


Fig.  16  - COS  2 experimental  cable 


Cable  performances 

As  an  example  of  the  performances  of  the 
tested  optical  cables,  the  characteristics 
of  the  8 fibre  COS  2 experimental  cable 
(for  which  the  most  reliable  statistical 
data  are  available)  are  listed  hereunder, 
along  with  some  information  about  the 
measurement  methods  developed.  We  point 
out  that  this  cable  is  protected  with  a 
1.5  mm  single  polyethylene  jacket. 

a)  Optical  transmission  characteristics 

In  the  COS  2 experimental  cable  the 
highest  quality  Corning  fibres  availa- 
ble were  used:  i.e.  attenuation  below 
4.5  dB/km  and  bandwidth  larger  than  700 
MHz-km  at  820  nm. 

According  to  our  experience,  the  above 
two  characteristics  stayed  practically 
unchanged  throughout  the  cable  manufac- 
turing process.  In  fact,  95/6  of  the  fi- 
bres tested  showed  variations  below 
+0.1  dB/km,  for  the  attenuation,  and 
below  + 50  MHz. km,  for  the  bandwidth. 
This  range  is  to  be  considered  consist- 
ent with  the  measuring  errors. 

For  the  remaining  5%,  the  variations 
were  only  marginally  higher. 

We  therefore  consider  this  cable  suita- 
ble for  incorporating  the  highest  qual- 
ity fibres  without  any  practical  dete- 
rioration of  their  optical  characteris- 
tics. 

It  has  to  be  stressed  that  the  attenua- 
tion measurements ( insertion  loss  method) 
and  the  bandwidth  measurements  (pulse 
method)  were  performed  using  a care- 
fully studied  "mode  mixer"  which  allows 
the  results  of  both  measurements  to  be 
indipendent  of  the  launching  conditions^ 

b)  Mechanical  and  environmental  character- 
istics 

The  main  cable  characteristics  are  the 
following: 

- max.  allowed  pulling  force:  8o  kg 

(cable  weight  approx.  lOOkg/km) 

- min.  allowed  bending  radius:  30  cm 

- impact  test 

( the  test  is  done  by  dropping 
a 10  mm  diameter  cylinder  body 
onto  the  cable  from  a height 
of  1 metre) 
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An  l8  fibre  cable  is  now  under  develop- 
ment for  the  Italian  Post  Office  Adminis- 
tration. 


min.  weight  for  fibre 
breaking  : 


3 kg 


References 


- compression  test 

(the  test  is  done  by  pressing 
the  cable  between  two  flat 
plates; 

compression  speed  5 nm/min 

min.  force,  per  unit  length 

for  fibre  breaking:  100  kg/cm 

- attenuation  variation  in 
temperature: 

no  significant  variations  in 
the  range  - 20*C  ♦ + 50*C. 


Conclusions 

It  has  been  demonstrated  that  optical  fi- 
bres with  attenuation  lower  than  5 dB/km 
and  bandwidth  higher  than  700  MHz* km  can 
be  incorporated  into  regularly  manufac- 
tured cables  without  any  appreciable  de- 
crease in  their  optical  transmission 
characteristics. 

On  cop  of  these  results,  successful  COS  2 
experimental  laying  operations  and  me- 
chanical tests  have  established  that,  e- 
ven  if  a greater  awareness  is  needed  of 
their  particular  characteristics,  as  com- 
pared with  traditional  cables,  neverthe- 
less conventional  handling  techniques  can 
be  used.  Finally  the  stability  of  the 
transmission  characteristics  of  cabled 
fibres  against  environmental  variations 
has  been  checked.  The  conclusion  that 
can  be  drawn  is  that  this  cable  seems 
well  suited  for  a reliable  optical  fibre 
transmission  system. 
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ABSTRACT 

An  analysis  of  the  design,  fabrication 
and  characterization  of  unit  core  cable 
structures  for  optical  waveguides  is  pre- 
sented. A mathematical  model  is  developed 
which  allows  optimal  dimensional  values  to 
be  calculated  for  varying  fiber  parameters. 
Manufacturing  methods  are  discussed,  to- 
gether with  test  results  of  prototype  unit 
core  cables  utilising  a reverse  lay  con- 
f i gurat ion . 


and  the  associated  tension  control 
problems. 

(3)  Effective  water  blocking  of  the  loose 
tubes  is  not  practical  at  present. 

This  last  factor  is  of  particular  concern 
in  the  Canadian  outside  plant  environment 
since  ice  crushing  of  optical  fibers  can 
substantially  increase  losses. 

UNIT  CORE  STRUCTURES 


INTRODUCTION 

In  order  to  obtain  the  maximum  cost 
savings  in  telecommunication  networks,  re- 
sulting from  the  reduction  or  elimination 
of  field  electronics  by  using  fiber  optic 
systems,  low  attenuation  and  low  cost 
cable  structures  are  required. 


As  an  alternative  to  the  loose  tube 
design,  low  loss  optical  fiber  cables  may 
be  fabricated  using  a unit  core  structure. 
In  this  approach,  a core  structure  is  used 
consisting  of  a tensile  member,  surrounded 
by  a profile  extrusion  containing  a series 
of  helical  slots  in  its  outside  perimeter. 
In  the  cabling  operation,  the  fibers  are 
loosely  placed  in  the  helical  slots  and 


constrained  by  a tape  wrap 
a cross  section  of  a unit 
cable. 


Currently,  low  loss,  high  bandwidth 
optical  waveguides  are  sensitive  to  micro- 
bending^.  Low  loss  cables  are  most  readily 
made  by  the  'loose  containment'  of  the 
optical  waveguides  within  the  cable  struc- 
ture. A common  method  of  achieving  this 
is  to  enclose  the  fibers  in  a loose  tube, 
which  is  extruded  over  individual  or  small 
groups  of  fibers.  Multi-fiber  cables  can 
then  be  constructed  by  the  planeterary 
cabling  of  a number  of  these  tubes  around 
a central  member.  Frictional  forces 
occurring  between  the  tubing,  the  cei.tral 
member  and  the  cable  jacket  serve  to  con- 
strain the  linear  expansion  or  contraction 
of  the  polyolefin  tubes  with  respect  to 
temperature,  which  would  otherwise  cause 
stresses  in  the  fibers.  While  the  loose 
tube  construction  has  been  successfully 
employed  at  Northern  Telecom2  and  else- 
where to  manufacture  cables  with  attenua- 
tion lower  than  4 db/km  at  0.85p,  the 
designs  do  suffer  from  some  disadvantages. 
These  include: 


(1)  The  individual  tubing  of  fibers 
involves  additional  cost. 


FIG.  1 CROSS  SECTION  OF  UNIT 
CORE  CABLE 


(2)  The  additional  weight  of  the  loose 
tube  buffer  results  in  an  increase 
in  inertial  forces  during  cabling 


This  modifii 
the  advantages  o 
cable  with  the  fi 
pro vement  s . 


The  advantages  of  a unit  core  design 


include 


An  intermediate  handling  operation 
of  the  fibers  during  cable  manufac 
ture  is  omitted. 


No  net  rota 
to  produce 
This  simpli 
ment  and  im 
speed . 


Lower  inertia  of  the  reels  during 
cabling  allows  tensions  to  be  con 
trolled  more  readily. 


There  is  no 
winding)  of 
fiber  in  th 
fiber  cablii 
have  low  in* 
control  and 


The  bonding  of  the  extruded  profile 
to  the  central  member  minimizes 
therma  1 effects . 


The  structure  is  amenable  to  the 
introduction  of  some  form  of  a 
water  blocking  medium. 


Helically  slotted  unit  core  cables 
have  been  successfully  developed  by  a 
number  of  manufacturers,^^  however,  fab- 
rication of  the  structure  presents  some 
practical  difficulties.  Firstly,  the 
extrusion  of  a slotted  core  profile  with  a 
continuous  helical  lay  requires  either  a 
rotating  extrusion  die  or  a rotating 
capstan/take  up.  Such  equipment  imposes 
limitations  on  the  processing  speed  and 
has  a high  capital  cost.  Secondly,  the 
cabler  which  lays  the  fibers  in  the  heli- 
cal slots  must  carry  the  fiber  reels  around 
the  cable  axis  in  exact  synchronism  with 
the  helical  slot  lay.  This  requirement, 
together  with  the  inertial  forces  involved, 
requires  the  cabler  to  be  equipped  with 
sophisticated  position  sensing  and  feed- 
back control  and  as  such  limits  manufact- 
uring speeds  and  increases  costs. 


A mathematii 
ed  which  allows  i 
slot  to  be  cal  cu 
outer  diameters  i 
numerical  apertu 
and  coating  thic] 
characteristics  i 
ture  have  also  bi 


The  locus  o 
cable  for  either 
usual  cylindrica 
position  vector. 


Here  x,  y are  un 
along  the  cable 
stant,  and  the  r< 
ion  of  cable  1 en 
•pitch  P is  given 


sve 
,s  p 
as 


As  an  alternative  to  a continuous 
helically  slotted  core,  the  structure 
shown  in  Fig.  2 has  been  investigated,  in 
an  attempt  to  overcome  these  limitations. 


2nsin  ( 


FIG.  2 REVERSE  LAY 


Equations  (2)  ar 


In  this  structure,  rather  than  spiral 
continuously  around  the  core  axis,  the 
slots  reverse  their  direction  after  each 
360  degrees  of  rotation.  (A  further 
variation  may  use  several  rotations  or 
less  than  one  full  rotation  between  re- 
versal s)  . 


EL1CAL  AND  REVi 


the  contrast  between  the  geometrical  pro- 
perties of  the  two  structures  is  apparent. 
The  analytical  form  of  (2b)  is  chosen  as 
the  simplest  function  that  can  satisfy  the 
oscillatory  behaviour  of  the  reverse-lay 
structure  in  a minimum  curvature  fashion. 

Fiber  length  S as  a function  of  cable 
length  L is  obtained  by  integrating  the 
incremental  path  length 

ds  = ^(pdv>  )2  ♦ (dL) 2 (3) 

to  give 

- L [l  ♦ Uirfj.)2]*'... helix  (4a) 

S2  = L [”■ 1 * £■)  2 j ....  reverse  - 1 ay , 

P > 20p  (4b) 

The  result  (4a)  is  well  known,  while  the 
approximation  (4b)  avoids  elliptic  in- 
tegrals and  is  accurate  for  practical 
values  of  pitch  and  radius.  It  is  con 
venient  to  write  both  of  these  in  the 
unified  form 

S = L [l  ♦ A(£)2j  (4c) 

Aj  = 2 v 2 in  the  case  of  the  helix, 

Aj  * w4/4  for  the  reverse  lay, 

from  which,  for  example,  the  fractional 
excess  fiber  length  AS  is 

~ * AS  « A(£)‘  (5) 

Some  properties  of  the  structure  with 
respect  to  curvature,  tension  and  tempera- 
ture change  can  now  be  investigated.  The 
radius  of  curvature  C is  evaluated  from 
the  definition 

L2*  I -1 

C - N-4  (6a) 

I ds  I 

which,  after  some  manipulation,  yields 

C1  * °[1  + (lip)  ]helix  (6b) 

C2  * n" ^ (cos2  it  t ♦ i72sin4  ir£-)  £■ 

reverse-lay  (6c) 

from  equations  6(b)  and  6(c),  it  is 
evident  that  whereas  for  the  full  helix, 


the  curvature  radius  (Cj)  remains  constant, 
that  for  the  reverse  lay  structure  ( C 2 ) 
varies  from  a maximum  value  p2/u3  at  the 

turning  points  L = 0,  P,  2P  (see 

Fig.  3)  to  a minimum  value  p2/„4  midway 
between.  This  result  is  plotted  in  Fig. 4. 

The  incremental  effect  on  the  radius 
of  curvature  when  the  core  is  wound  onto 
a reel  can  be  calculated,  but  because  the 
direction  (and  magnitude  in  the  reverse 
lay  case)  of  the  curvature  vector  I d- f I 

Ids2.) 

varies  along  the  fiber  axis,  the  result  is 
analytically  complex.  A worst/best  case 
estimate  can,  however,  be  made  when  the 
fiber  and  cable  curvatures  lie  parallel  or 
ant i -para  1 1 e 1 respectively.  If  R is  the 
cable  curvature  radius,  then  the  resultant 
minimum  and  maximum  curvature  radii  are 
respectively 

Worst  case....  (^  + |-)  (7a) 

1 1 *3 

Best  Case  (£•  - £)  . (7b) 


FIG.  4 RADIUS  OF  CURVATURE  vs.  PITCH  FOR 
THE  HELICAL  AND  REVERSE-LAY  STRUC- 
TURES. THE  MAX.  CURVE  APPLIES  TO 
THE  REVERSE-LAY  TURNING  POINTS. 

THE  MIN.  CURVE  FOR  POINTS  MIDWAY 
BETWEEN 

Tension  and  temperature  effects  ere 
calculated  using  the  geometry  of  Fig.  S. 
Differentials  of  (4c)  are  taken  with  the 
definitions  of  Young's  modulus  Y and 
Poisson's  ratio  a applied  to  the  cable 
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core;  the  fiber  is  not  stressed.  As  ten- 
sion is  applied  to  the  cable,  the  fiber 
lowers  into  the  slot  until  contact  with  the 
groove  bottom  is  made.  At  this  point,  the 
cable  elongation  is 

AL  2 B _ 1 .P,2  i 

L ' p (D-l ) -2o  (R-G)  * D A (8  5 

with  the  associated  tension  across  the 
core  area  a 

T = Ya  • (8b) 


G * Groom  Dtpth 
r - Radius  of  Coatad  Fiber 
B * Distance  of  Fiber  From  Groove  Bottom 
E ■ Distance  of  Fiber  From  Groom  Top 
Rc  - Outer  Radius  of  Core  Structure 

FIG.  5 GEOMETRY  OF  THE  FIBER 
WITHIN  THE  GROOVE  SLOT 

These  quantities  are  plotted  in  Fig.  6, 
using  the  values  of  Table  1 and  assuming 
that  the  fiber  is  initially  midway  in  the 
slot. 


FIG.  6 MAX  IMUM_CABLE  CORE  ELONGATION  AND 
ASSOCIATED  TENSION  FOR  ZERO  FIBER 
STRESS  VERSUS  PITCH 


As  the  cable  temperature  is  lowered, 
the  fiber  will  rise  in  the  slot  since  the 
liner  coefficient  of  thermal  expansion  of 
the  cable  core  greatly  exceeds  that  of  the 
fiber  (a,.»oif).  In  a manner  similar  to 
that  used  above,  equation  (4c)  gives  the 
temperature  drop  AT  which  causes  fiber 
contact  with  the  groove  top.  Neglecting 
small  terms, 

AT 2E (9) 

p[D(ac  - af)-(ac  + af)] 


TABLE  1 


Fiber  OD 

2r  = 0.4  mm 

Core  OD 

2RC  = 6.4  mm 

Slot  Depth 

G = 1 mm 

Fiber  Axis 

Cyl . Radius 

p=Rc-yO=2.7mm 

Elongation 

AL  * Ya 

under  Tension 

TL  -S 

* 1.39  x 10  /lb 

Initial  Fiber 

B , E = — (G  - 2r ) 

Groove  Separa- 
tion 

2 

= 0.3  mm 

Expansion  coeff. 
of  cable 

Expansion  coeff. 
of  Fiber 

ac  = 13  x 10'6/C° 

af  * 0.S  x 10'6/C* 

Once  the  fiber  has  reached  the  top  of  the 
slot,  further  temperature  contractions  of 
the  structure  must  be  accommodated  by  fiber 
buckling.  However,  such  buckling  will  re- 
duce the  net  radius  of  curvature  and  can 
eventually  add  to  the  fiber  loss.  The 
temperature  reductions  required  to  produce 
fiber  contact  with  the  top  of  the  slot  are 
shown  in  Fig.  7. 

Summary  of  Analysis 

It  is  apparent  from  the  preceding 
analysis  that  maximum  elongation  of  the 
cable  for  minimum  fiber  stress  is  obtained 
by  using  the  shortest  possible  pitch  for 
the  structure.  However,  with  a reducing 
pitch  the  radius  of  curvature  also  reduces 
and  eventually  reaches  a value  where  finite 
bending  effects,  especially  on  reeled 
fibers,  become  significant.  The  minimum 
curvature  radius  which  can  be  tolerated, 
without  loss,  by  a particular  fiber  struc- 
ture depends  on  its  numerical  aperture, 
and  core/cladding  ratio.  While  there  exist 
some  published  works^  in  this  area  which 
allow  estimates  to  be  made  of  acceptable 


Expansion  coeff. 
of  Fiber 


bending  radii,  the  value  for  a particular 
fiber  structure  is  more  safely  determined 
by  experiment. 


FIG.  7 ALLOWABLE  TEMPERATURE  DROP,  TO 

PRODUCE  FIBER  CONTACT  WITH  GROOVE 
TOP  vs.  PITCH 

FABRICATION 


induces  a helical  lay  into  the  slots.  Re- 
versing the  direction  of  rotation  of  the 
twisting  head  produces  helical  slots  but 
of  opposite  hand.  During  this  process  the 
extruded  core  between  the  twisting  head 
and  the  haul  off  deforms  elastically.  This 
elastic  deformation  is  allowed  to  relax 
prior  to  the  cable  being  wound  onto  a 
cable  drum.  Considerable  care  Is  required 
in  the  selection  of  the  die  profile,  in 
order  to  achieve  the  correct  dimensional 
properties  of  the  core.  In  addition, 
cooling  of  the  extrudate  has  been  found  to 
be  critical  if  an  imperfection-free  and 
undistorted  profile  is  to  be  obtained. 

The  cabling  machinery  is  shown  in 
Fig.  9.  The  coated  optical  fibers  are 
wound  onto  reels  which  are  arranged  on  a 
stationary  frame,  approximately  symmetri- 
cally around  the  axis  of  the  machine. 


Fiber  RmIi 


Fabrication  of  the  cable  is,  at  pre- 
sent, con  f i ned  to  three  separate  stages. 
Firstly,  a suitable  slotted  core  with  a 
precalculated  slot  width,  depth  and  pitch 
is  manufactured.  The  fibers  are  then  laid 
into  the  slots  under  low  tensions  and  re- 
tained within  the  slots  by  a helically 
applied  binder  tape.  Finally,  a heat 
barrier  tape  and  composite  cable  jacket 
are  applied  overall. 

The  machinery  used  to  fabricate  the 
reverse  lay  unit  core  is  shown  schema- 
t ical ly  in  Fig.  8 . 


Eatrudtr 


FIG.  8 UNIT  LORE  FABR ICATION 


A tensile  strength  member  is  passed 
through  an  extruder  crosshead  containing 
a profile  extrusion  die  arrangement.  The 
extrudate  is  twisted  around  its  own  axis 
by  a twisting  head  located  downstream  of 
the  cooling  trough.  Plastic  deformation 
of  the  extruded  profile  occurs  between  the 
crosshead  and  the  cooling  trough,  which 


A low  inertia  laying  head,  which  is 
driven  directly  by  the  slotted  core,  guides 
and  places  the  fibers  into  their  appro- 
priate slots.  The  core  is  then  taped  by  a 
conventional  tape  binding  head.  The  tor- 
sional rigidity  of  the  fibers  was  calcu- 
lated to  be  sufficient  to  neutralise  the 
finite  positive  and  negative  torsions  that 
a reverse  lay  structure  imposes.  Proto- 
type cable  test  results  have  confirmed 
this  predict  ion . 

The  cable  jacket  is  applied  using  con- 
ventional cable  making  equipment.  Initial 
cable  lengths  have  been  jacketed  with  a 
sealed  aluminum/polyolefin  jacket  over  a 
longitudinally  applied  heat  barrier  tape. 
This  type  of  jacket  has  been  found  to  pro- 
vide adequate  mechanical  protection,  as 
well  as  acting  as  a barrier  to  prevent  the 
permeation  of  moisture  into  the  cable  core. 
Other  jacket  constructions  are  also  being 
cons i dered . 


CABLE  TESTING  AND  MECHANICAL 
CHARACTERISTICS 

Any  fiber  optic  cable  design  has  to 
withstand  tension,  bending,  torsion  and 
abrasion  encountered  during  installation, 
as  well  as  the  extreme  seasonal  tempera- 
ture fluctuations  prevalent  in  Canada. 
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A number  of  prototype  cable  lengths 
utilising  the  reverse  lay  slotted  core  con- 
struction have  been  manufactured  to  date. 
The  core  profile  used  in  all  these  cables 
resembles  that  shown  in  Fig.  1 and  can 
accept  a maximum  of  12  fibers. 


12-FIBER  REVERSE  LAY 


SLOTTED  CORE  CABLE 


The  tensile  strength  member  used  was 
a multi-strand  steel  wire  rope  selected  to 
give  adequate  stress/strain  character- 
istics, as  well  as  flexibility.  The  use  of 
a non-metallic  strength  member  is  also 
being  considered.  All  other  materials  used 
during  manufacture  are  standard  cabling 
grades  with  proven  outside  plant  perform- 
ance . 

Testing  Program 

These  cable  lengths  were  subjected  to 
a testing  program  initially  developed 
during  the  manufacture  of  optical  fiber 
cables  for  a field  trial  in  Montreal  during 
1977®.  In  this  program,  the  mechanical 
characteristics  of  the  cable  were  deter- 
mined by  a series  of  tests  aimed  at  assess- 
ing the  radial  and  axial  properties  of  the 
cable  such  as  crush  resistance,  impact  re- 
sistance, torsion,  bending  and  repeated 
flexing  properties.  Short  lengths  of  the 
slotted  core  cable  were  subjected  to  these 
stresses  while  the  light  power  through  the 
cable  was  monitored. 

The  test  conditions  are  summarized  in 
Table  2. 

In  all  these  tests,  there  was  no 
detectable  change  (<0.01  dB)  in  attenua- 
tion. 

The  tensile  strength  of  a cable  can 
be  defined  as  its  ability  to  withstand 
ar.ial  tension,  such  as  that  encountered 
during  cable  installation,  without  any  de- 
gradation of  the  optical  properties  of  the 


waveguides.  Ideally,  tests  to  determine 
the  tensile  strength  should  be  conducted 
on  long  cable  lengths,  since  in  short 
samples  relative  movement  between  the 
fibers  and  the  cable  can  be  exaggerated  and 
thereby  distort  the  results.  The  test 
apparatus  subjected  a 100  m length  of  cable 
to  a tensile  load  as  shown  in  Fig.  11. 

TABLE  2 


TEST 

TEST  CONDITION 

Crush 

Resi stance 

87  kg  load  applied  over 

100  mm  for  90  mins. 

Impact 

Resi stance 

2 impacts  with  2S  mm 
dia.  hammer  on  same 
location,  12Nm  per  blow. 

Torsion 

1360°  over  2 m length, 

10  cycles. 

Bending 

Two  360°  turns  around 

60  mm  radius  mandrel. 

Repeated 

Flexing 

30  cycles  (t90°)  around 

120  mm  radius  mandrel. 

APPARATUS  FOR  TENSION 
TESTING 


After  applying  a load  and  maintaining 
it  for  a period  of  10  mins.,  the  cable  was 
allowed  to  relax  and  the  attenuation  of  the 
waveguides  was  measured.  Tests  on  proto- 
type lengths  indicate  that  axial  tensions 
greater  than  1100N  are  easily  withstood. 
Different  values  can  be  obtained  with  al- 
ternative strength  members. 

Temperature  Characteristics 

The  coefficient  of  attenuation  in  res- 
pect of  temperature  (Yt)  was  determined  by 
subjecting  a loose  coil  of  cable  (160  m in 
length)  to  varying  temperatures  in  an  en- 
vironmental chamber.  After  allowing  suf- 
ficient time  for  temperature  equalisation, 
the  attenuation  of  the  cabled  fibers  was 
measured.  Eary  test  results  indicate  that 
at  is  less  than  0.02  db/km/'C  in  the  tem- 
perature range  -20°C  to  OO'C. 


rtL  ■rnL.u  j.-mw-— 


CONCLUSIONS 


Test  results  on  prototype  cable 
lengths  of  a new  reverse  lay/unit  core  de- 
sign have  proved  to  be  encouraging  both  in 
terms  of  mechanical  and  optical  properties. 
The  reduction  in  intermediate  handling  of 
individual  fibers  promises  to  significantly 
improve  the  yield  of  low  loss  optical  cable 
during  manufacture.  The  cabling  of  fibers 
around  a reverse  lay  slotted  core  structure 
has  considerably  reduced  the  inertial  pro- 
blems generally  associated  with  the  low 
tension  cabling  required  by  optical  fibers. 
This  will  allow  the  use  of  higher  cabling 
speeds  with  the  potential  of  cabling  in 
tandem  with  either  jacketing  or  core  ex- 
trusion. These  factors,  together  with  the 
low  cost  equipment  required,  make  the  re- 
verse lay  slotted  core  cables  attractive 
for  the  production  of  economical  low  loss 
cables . 
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